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ABSTRACT 
 
Shaak, Rachel Victoria (M.S. Geology [Department of Geological Sciences]) 
Stratigraphic architecture of shallow-marine to coastal-plain parasequences: lower Williams 
Fork Formation, southeastern Piceance Basin, Colorado 
Thesis directed by Associate Professor Matthew J. Pranter 
  
 The lower Williams Fork Formation in the southeastern Piceance Basin represents a 
transition from coastal-plain to shallow-marine environments of deposition.  The stratigraphic 
architecture of the lower Williams Fork Formation was assessed by defining facies and facies 
associations in cores and outcrop exposures and then developing relationships between these 
facies and subsurface well-log signatures.  The lower Williams Fork lies stratigraphically above 
the Rollins Sandstone Member of the Iles Formation and consists of several coal zones, two 
marine sandstone units informally named the middle and upper sandstones, and coastal-plain to 
alluvial-plain deposits.  Parasequences were identified and correlated in the subsurface to 
characterize the geometries and depositional nature of marine sandstones in the middle and 
upper sandstones, and their relationship with associated coal zones.  
 Parasequences of the lower Williams Fork Formation are composed of wave-dominated 
shoreface sandstones that transition landward into paludal (marsh) environments and farthest 
landward into environments of deposition that are characterized by low net-to-gross ratio 
coastal-plain deposits containing isolated channel sandstones and floodplain strata.  This 
relationship appears to correspond to the paleogeographic movement of environments caused 
by movement of the position of the marine shoreline in association with changes in relative sea 
level.  Tidally influenced deposits and brackish-water fauna exist landward of the marine 
iv 
 
shorelines within coal zones and indicate a fluctuating fresh water and marine-influence in the 
lower coastal plain and the presence of bays behind transgressive shoreline deposits.   
 Two transgressive-regressive cycles are identified within the lower Williams Fork 
Formation and are composed of retrogradational and progradational parasequence sets of the 
middle and upper sandstones.  Differential compaction of underlying sediments generates 
variation in accommodation, which plays a major role in the deposition and preservation of 
marine sandstones within the middle sandstone 1 and middle sandstone 2 parasequences.  
Middle sandstone 3 and middle sandstone 4 are not influenced by differential compaction 
because these parasequences are deposited over relatively homogeneous shoreface deposits. 
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CHAPTER ONE 
INTRODUCTION 
The Piceance Basin of northwestern Colorado is a major gas producing basin, primarily 
from the Upper Cretaceous Williams Fork Formation of the Mesaverde Group. The locations of 
productive Mesaverde Group gas fields in the Piceance Basin are shown in Figure 1.  The 
Williams Fork Formation is composed of mostly alluvial-plain and coastal-plain deposits, with 
shallow-marine deposits in the lower Williams Fork Formation in the southeastern portion of the 
basin.  Although extensive work has been published on the fluvial deposits of the Williams Fork 
Formation, limited information has been published on the stratigraphic variability of the shallow-
marine to coastal-plain deposits within the diverse lower Williams Fork Formation.  Because the 
reservoir-scale facies architecture and sequence-stratigraphic framework of the lower Williams 
Fork Formation were poorly understood, the purpose of this research is to better define the 
facies, well-log signatures, and coarse- and fine-scale sequence stratigraphy of the lower 
Williams Fork Formation in the southeastern Piceance Basin. 
Large-scale stratigraphy has been established for the Williams Fork Formation, and 
stratigraphic and sedimentological studies have focused on the western margin of the Piceance 
Basin and in the subsurface, whereas limited data has been collected from the eastern margin 
of the basin, which is close to major producing fields of Mamm Creek, Rulison, Divide Creek, 
and Wolf Creek (Figure 1).  The Williams Fork Formation includes alluvial-plain, coastal-plain, 
and shallow-marine deposits.  To date, Patterson et al. (2003) are the only authors to interpret a 
large-scale (i.e., third-order scale) sequence-stratigraphic framework for the Mesaverde Group 
in the Piceance Basin.  Patterson et al. (2003) identified seven composite sequences (Figure 2) 
in the Mesaverde Group, four of which are within the Williams Fork Formation.  The lower 
Williams Fork Formation is interpreted by Patterson et al. (2003) as transgressive and highstand 
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Figure 1.  Location of the Piceance Basin and major gas fields.  The Piceance Basin is
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Commission.  Modified from Hoak and Klawitter (1997) and Pranter et al. (2009).
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Figure 2.  Stratigraphic interpretation of the Mesaverde Group in the northern Piceance
Basin (modified from Patterson et al. 2003).  The area of interest in this study is shown with 
a red bar and corresponds to composite sequence 3 of Patterson et al. (2003).  Patterson et 
al. (2003) does not recognize higher-order fluctuations within the lower Williams Fork 
Formation.
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deposits of a third-order composite sequence (Figure 2).  Previous sedimentological and 
stratigraphic studies on shallow-marine to coastal-plain deposits of the lower Williams Fork 
Formation have been conducted on the western basin margin (e.g. Cole and Cumella 2003, 
2005; Ellison 2004; Panjaitan 2006; Pranter et al. 2007, 2009), in the subsurface (e.g. Lorenz 
1989; Vargas 2004; Cole and Cumella 2005; Pranter et al. 2008), and on the eastern margin of 
the Piceance Basin (e.g. Collins 1970, 1976; Madden 1989; Johnson 1989; Hettinger and 
Kirschbaum 2002; Patterson et al. 2003). 
On the western side of the basin, the Williams Fork Formation is dominantly composed 
of coastal-plain and alluvial-plain deposits.  Previous studies have focused on sandstone-body 
dimensions and distribution, as well as sandstone-body type, to better understand the 
connectivity of fluvial channels and associated reservoir-quality deposits. Cole and Cumella 
(2003, 2005) identified five channel types based on sandstone-body dimensions and have 
interpreted fluvial systems in the southwestern Piceance Basin as sinuous (meandering) and 
anastomosing within the lower Williams Fork Formation.  The sandstone-body dimensions (Cole 
and Cumella 2005; Panjaitan 2006; Pranter et al. 2009), have been used to build 3-D static 
reservoir models to estimate the connectivity of sandstone-bodies in the lower Williams Fork 
Formation.  At 10-acre well-spacing (660 ft; 201 m), less than half of sandstone-bodies are 
intersected by pseudo-well paths; this reflects the discontinuity of fluvial deposits in the lower 
Williams Fork Formation (Cole and Cumella 2005; Panjaitan 2006; Sommer 2007; Pranter et al. 
2009). 
Subsurface studies have also incorporated sandstone-body statistics from the western 
margin outcrops of the basin to build reservoir models using well data in Rulison and Mamm 
Creek Fields (Vargas 2004; Pranter et al. 2008; Hewlett 2010).  The results of these studies 
indicate that the lower Williams Fork Formation has a lower net-to-gross ratio and more 
discontinuous sandstone bodies than the upper Williams Fork Formation, and show how 
4
sandstone-body connectivity varies with net-to-gross ratio.  Subsurface correlations of the 
Williams Fork Formation across the Piceance Basin have been published and include shallow-
marine deposits of the middle and upper sandstones in the southeastern Piceance Basin 
(Hettinger and Kirschbaum 2002; Cole and Cumella 2005; Cumella and Scheevel 2008).  
Although the middle and upper sandstones have been documented in well-log cross sections, 
detailed analysis of the shallow-marine and coastal-plain deposits of the lower Williams Fork 
Formation have not previously been documented. 
In the eastern Piceance Basin, sedimentological studies have identified coastal-plain 
and alluvial-plain deposits in the Williams Fork Formation, as well as shallow-marine deposits 
that are only found within the lower Williams Fork Formation in the southeastern Piceance Basin 
(Collins 1970, 1976; Madden 1989; Johnson 1989; Hettinger and Kirschbaum 2002, 2003).  
Collins (1970, 1976) was the first to identify two marine-sandstone intervals in the lower 
Williams Fork Formation, at Coal Basin; these were informally named the “middle sandstone” 
and the “upper sandstone”.  Madden (1989) also documented what appears to be the middle 
and upper sandstones along the Grand Hogback, although she uses alternate terminology that 
has not been adopted in the literature and does not refer to these units by their more common 
names (Appendix C).  Rifle Gap, an outcrop located along the Grand Hogback, is one of the 
most documented stratigraphic sections of the lower Williams Fork Formation, and includes the 
middle sandstone (e.g. Collins 1976; Madden 1989; Johnson 1989; Hettinger and Kirschbaum 
2002; Patterson et al. 2003; Appendix C).   
In the lower Williams Fork Formation, the shallow-marine deposits on the eastern margin 
of the Piceance Basin are coeval to the well-documented coastal-plain and alluvial-plain 
deposits on the western side of the Piceance Basin.  Cumella and Scheevel (2008) recognized 
that fluvial channel stacking patterns in the western portion of the basin may correspond to 
shoreline stacking patterns on the eastern side of the basin, based on concepts of 
5
accommodation potential in non-marine and shallow-marine deposits by Shanley and McCabe 
(1994).  During periods when the sediment supply is approximately equal to accommodation 
(aggradational), fluvial sandstones are more isolated, while during periods when the sediment 
supply exceeds accommodation (progradational), fluvial sandstones tend to amalgamate in the 
coastal and alluvial plains (Van Wagoner et al. 1990; Shanley and McCabe 1994).  The smaller-
scale (parasequence-scale) stratigraphy and detailed lithologic variability of the shallow-marine 
deposits in the southeastern Piceance basin is the focus of this study.  The correlation between 
deposits of the marine and coastal plain environments is important to understand the stratal 
relationships of marine and non-marine deposits and how sediment in different environments 
responds to changes in accommodation.   
This study builds upon previous research in the Piceance Basin to more completely 
address the stratigraphic variability of shallow-marine to coastal-plain deposits of the lower 
Williams Fork Formation.  For the lower Williams Fork Formation in the southeastern Piceance 
Basin, this study aims to better define (1) the facies and facies associations that are 
characteristic of coastal-plain to shallow-marine parasequences, (2) the stratigraphic variability 
of environments of deposition, (3) the stacking patterns and distribution of parasequences, and 
(4) the sequence-stratigraphic framework of the lower Williams Fork Formation. 
This study presents an examination of sedimentary features, lithology, and trace fossil 
assemblages to interpret depositional environments in eight cores in Mamm Creek Field.  Once 
facies and facies associations have been established, they are compared to well logs to 
establish relationships between core facies and well-log signatures.  Cross sections and 
detailed mapping of shallow-marine and coastal-plain deposits in the subsurface identify the 
stratigraphic architecture of deposits in the lower Williams Fork Formation.  Because of dense 
well spacing in Mamm Creek Field and Rulison Field, detailed correlation in the subsurface can 
6
define the stratigraphy of the lower Williams Fork Formation, when used in conjunction with 
detailed core descriptions and outcrop observations. 
The study area is located in the southeastern region of the Piceance Basin and covers 
approximately 700 mi2 (1800 km2) (Figures 3 and 4).  This area was chosen because, in the 
lower Williams Fork Formation, deposits of marine and non-marine strata are limited to the 
eastern side of the basin.  The study area also allows subsurface data to be compared to 
available core data and nearby outcrop exposures.  To address the lithologic variability and 
stratigraphic architecture in the lower Williams Fork Formation, a combination of subsurface 
data (well logs, cores) are used in conjunction with a measured section from Rifle Gap and 
three published outcrop measured sections along the margin of the southeastern Piceance 
Basin (Figure 3; Appendix C). Available subsurface data include well logs (gamma ray, neutron 
porosity, density porosity, and resistivity) from 1400 wells and 8 cores (Figure 4).  Gamma ray is 
used as a proxy for sandstone content, where a cut-off value of 96 API units is used to delineate 
sandstone (≤96 API) and shale (>96 API).  Density porosity is used to calculate a coal flag, 
where coal is characterized by a low-density porosity response of less than 0.25, combined with 
a gamma-ray reading of less than 96 API.  These cutoffs have been verified during core 
analysis (core-to-log comparison) and are appropriate for the study area.  Wells are densely 
spaced (common well spacing is 660 ft; 201 m) and allow for correlations to be made by the 
recognition of subtle changes in log character and shape. 
GEOLOGIC SETTING 
During the Late Cretaceous, the study area was located within the Cretaceous Rocky 
Mountain foreland basin, along the western margin of the Western Interior Seaway, an epeiric 
seaway that covered the central part of North America from northern Canada to the Gulf of 
Mexico (Johnson 1989) (Figure 5).  Sediment deposited on the western margin of the seaway 
7
Figure 3. Basemap of study area. Wells are shown in black; orange circles indicate cored wells 
and blue circles indicate the locations of type logs. Green shading represents the outcrops of 
the Mesaverde Group; red shading represents the locations of gas fields. Detailed mapping 
area is shown with black box (Figure 4). Triangles show locations of measured sections; Rifle 
Gap, New Castle (Madden 1989); Thompson Creek (Collins 1970); Coal Basin (Collins 1970).  
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was sourced from the Sevier Orogenic belt in central Utah and southwestern Wyoming, which 
was an area of active uplift from the Jurassic through early Cenozoic time (Johnson 1989).  The 
Piceance Basin was later partitioned from the larger preexisting Rocky Mountain foreland basin 
during the Laramide Orogeny, which began during the Late Cretaceous (Johnson and Flores 
2003; Johnson 1989). 
The Piceance Basin is an elongated northwest-southeast trending basin, bounded by the 
Uncompahgre and Sawatch uplifts to the south, the Douglas Creek Arch to the west, the Axial 
Arch to the north, the Grand Hogback monocline and the White River Uplift to the east (Johnson 
1989) (Figure 6).  The Piceance basin is highly asymmetrical, with gently dipping western and 
southeastern flanks and a sharply upturned flank (Grand Hogback), which is believed to be 
underlain by a deep-seated west-vergent thrust fault (Gries 1983; Johnson 1989).  In the 
southeastern part of the basin, three large anticlines, the Divide Creek, Wolf Creek, and Coal 
Basin anticlines, are believed to be underlain by deep-seated west- and southwest-vergent 
reverse or thrust faults related to the larger thrust fault beneath the Grand Hogback (Gries 
1983). A high-angle reverse fault with a displacement varying from 210-900 feet (64-274 m) and 
extending in a NW-SE direction for over 8 mi (13 km) is responsible for the formation of the 
Divide Creek Anticline (Berry and Mason 1959). 
The Mesaverde Group in the Piceance Basin is comprised of the Williams Fork 
Formation and the underlying Iles Formation (Figure 7).  The Iles Formation contains three 
regressive marine shoreface sandstones (Corcoran, Cozzette, and Rollins Sandstone 
Members) separated by intervals of Mancos Shale (Young 1955; Johnson 1989; Hettinger and 
Kirschbaum 2002) that record episodic transgressions and regressions.  The Williams Fork 
Formation is informally subdivided into the lower, middle, and upper Williams Fork Formation.  
The lower Williams Fork Formation is predominately comprised of shallow-marine to coastal 
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Rollins Sandstone Member through the Coal Ridge coal zone on the eastern side of the 
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plain deposits in the southeastern Piceance Basin, while the middle and upper Williams Fork 
Formation are predominantly composed of alluvial-plain deposits. 
The lower Williams Fork Formation is subdivided into several coal zones and informally 
named marine sandstone units (Figures 7 and 8).  The Cameo-Wheeler coal zone was 
deposited on top of the Rollins Sandstone Member of the underlying Iles Formation and is 
followed stratigraphically by the middle sandstone, South Canyon coal zone, upper sandstone, 
and Coal Ridge coal zone, respectively.  
The Cameo-Wheeler coal zone is the major coal-bearing member of the Mesaverde 
Group and generally consists of shale, interbedded with sandstone and numerous coal beds 
ranging in net thickness from 20 ft (6 m) in the southeastern part of the basin to more than 60 ft 
(18 m) in the east-central part of the basin (Johnson 1989).  The coal zone is interpreted as a 
result of deposition within fresh-water swamps forming landward of wave-dominated shoreline 
deposits of the Rollins Sandstone Member (Lorenz 1983, 1989). 
The South Canyon and Coal Ridge coal zones overlie marine tongues of the Mancos 
Shale and progradational shoreline sandstones of the middle and upper sandstone members, 
respectively.  The upper and middle sandstones consist of single, persistent, upward-
coarsening sequences described as bar-beach-delta front sandstone similar to the Rollins 
Sandstone Member (Collins 1976).  The middle sandstone ranges in thickness from 30 to 130 ft 
(9 to 40 m), while the upper sandstone is slightly thinner (Hanks 1962).  Many of the thick coal 
beds within the coal zones are found directly overlying these sandstones (Murray 1966).  
The South Canyon coal zone lies directly above the middle sandstone, as defined by 
Collins (1976).   Two major coal seams occur in the basal 100 ft (31 m) of the South Canyon 
coal zone, although coals in this zone are much less persistent than those in the Cameo-
Wheeler coal zone and  vary widely in thickness from 3 to more than 20 ft (1-6 m) (Collins 
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1976).  Shale and coal beds of the South Canyon coal zone contain marine and brackish-water 
invertebrates (Lee 1909).   
The Coal Ridge coal zone consists of non-marine sandstone, siltstone, shale, and coal 
(Lorenz 1983; Collins 1976).  Individual coal beds are commonly less than 5 ft (1.5 m) thick 
(Lorenz 1983) and only occur in the southeastern part of the basin. The coal beds are 
discontinuous due to deposition in restricted swamps between low-sinuosity distributaries on a 
low-gradient coastal plain (Lorenz 1989).  The overlying Paonia Shale Member is also 
composed of shale and coal beds, although this zone contains distinctive fresh-water plant 
remains and mollusks (Lee 1909). 
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CHAPTER TWO 
FACIES, FACIES ASSOCIATIONS, AND PARASEQUENCES 
Sedimentologic observations of cores and outcrop are an important element to 
incorporate when attempting to correlate stratigraphic units in subsurface well logs and define 
facies associations and vertical successions known as parasequences.  Parasequences are 
defined by Posamentier et al. (1988) as “relatively conformable successions of genetically 
related beds or bedsets bounded by marine flooding surfaces and their correlative surfaces”.  
Most siliciclastic parasequences are progradational, denoting that the distal toes of successively 
younger sandstone bedsets were deposited progressively farther basinward (Van Wagoner et 
al. 1990).  This depositional pattern results in an upward-shoaling association of facies in which 
younger bedsets were deposited in progressively shallower water (Van Wagoner et al. 1990). 
Marine flooding surfaces are “surfaces separating younger from older strata across which there 
is evidence of an abrupt increase in water depth” (Van Wagoner et al. 1990).  Marine flooding 
surfaces, in most places, are associated with facies above that have no physical or temporal 
relationship to the facies below (Van Wagoner et al. 1990).  The shoreface-shelf facies 
successions are identified using the classification of Van Wagoner et al. (1990) and Kamola and 
Van Wagoner (1995).  Core descriptions, in comparison with well logs, help to verify that well-
log character can be used to interpret lithology and depositional environments in this study. 
FACIES 
The lithology and depositional variability of the lower Williams Fork Formation were 
assessed through the description of eight cores and comparison with associated well-log 
signatures within the study area (Figures 4 and 9).  Because most wells in the study area are 
not cored, it was important to calibrate the well logs to the 8 cores and to identify the well-log 
signature of each facies/facies association to achieve a detailed stratigraphic correlation in the 
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subsurface.  The cores were assessed by the description of grain size, percentage of 
sandstone, sedimentary structures, organic content, and the identification of trace fossil 
assemblages on a half-foot to foot scale.  These characteristics were used to define facies, 
which are considered geologically distinctive combinations of lithology, and physical and 
biological structures (Walker 1992). 
Twelve geologically distinct facies were interpreted from the cores and include: (A) coal, 
(B) carbonaceous mudstone, (C) rooted mudstone, (D) contorted mudstone and/or siltstone, (E) 
mudchip conglomeratic sandstone, (F) bioturbated sandstone, (G) current-rippled sandstone, 
(H) wave-rippled sandstone, (I) low-angle to wavy laminated sandstone, (J) trough cross-
bedded sandstone, (K) hummocky cross-stratified sandstone, and (L) shell hash (Table 1; 
Figures 10a and 10b).  Detailed sedimentological descriptions of facies are used to interpret the 
processes and environments of deposition within each core. 
(A) Coal 
Coal is prevalent within the lower Williams Fork Formation and is the thickest and most 
continuous within the Cameo-Wheeler coal zone.  Coal ranks near the base of the Cameo-
Wheeler coal zone are high-volatile C bituminous to semi-anthracite along the eastern part of 
the basin (Collins 1976), an area which has been buried the deepest.  The Cameo-Wheeler coal 
zone contains predominantly low sulfur coals, probably deposited under freshwater conditions, 
although high sulfur coals of possibly brackish-water origin have been reported in the Thompson 
Creek area (see Figure 3 for location) along the southeastern margin of the basin (Collins 
1976).  Coal beds range from 4 in to 10 ft (10 cm to 3 m) in thickness and are usually 
associated with carbonaceous mudstone and rooted mudstone.  Coal has a yellow coating in 
some intervals, most likely due to the presence of sulfur.  Within the core samples, coal with 
vertical cleating is common, but boney coal (<50% ash) is also observed.  
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Coal is the product of in situ peat accumulation, which is best preserved in an area 
isolated from the influx of clastic material.  Preservation of peat occurs below the water table 
where reducing groundwater conditions retard or prevent oxidation of organic material 
(Retallack 1990).  The ideal location for the preservation of peat is immediately landward of the 
shoreline system within a swamp, a regional discharge area where water tables are maintained 
at optimum levels (Tyler and McMurry 1995).  Coal is the product of the deposition of peat within 
swamps on low-lying floodplains and raised mires.  McCabe (1984) recognized that low-lying 
active environments were unsuitable for the accumulation of thick peats, and several workers 
have established that raised mires may be the ideal environment for thick peat accumulations to 
develop (Ethridge et al. 1981; Styan and Bustin 1983; McCabe 1984; Clymo 1987; Esterle et al. 
1989).  Raised mires self-exclude clastic deposition and can develop good quality, potentially 
coal-forming peat in close proximity to active clastic depositional systems (Flint et al. 1995).  
Thicker coals are most likely the products of raised mires whereas thinner coals are more 
commonly deposited in smaller lakes or low-lying mires (McCabe 1991). 
(B)  Carbonaceous mudstone  
Carbonaceous mudstone is dark gray to black in color with lenses of coal throughout. 
Mudstone ranges from dull to shiny, and root traces are abundant in this facies.  The mudstone 
is not typically fissile and is usually found in close association with coal and rooted mudstone. 
 Carbonaceous mudstone is associated with deposition on the floodplain in areas, or 
within close proximity to an area, of peat accumulation.  Peat is deposited and interbedded with 
mud when peat swamps are inundated and/or drowned.  Carbonaceous mudstone may also be 
a result of the migration of channels close to the swamp, or deposition in a lake or abandoned 
channel fill. 
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(C)  Rooted mudstone 
Rooted mudstone contains abundant root traces and is usually dark gray to black in 
color; roots are white to light gray and occur both vertically and horizontally.  This facies is 
usually massive with no distinct bedding features and is commonly found in association with 
carbonaceous mudstone and coal. 
 Rooted mudstone is associated with deposition on a well-drained floodplain where mud 
has accumulated and supplied the nutrients for vegetated areas to develop.  Rooted mudstone 
indicates that sandstone sedimentation was scarce over the floodplain and could allow for 
vegetation to flourish and remain uninterrupted from large amounts of coarser sediment. 
(D)  Contorted mudstone and/or siltstone 
Contorted mudstone and/or siltstone is light gray to black in color and is commonly 
mixed with very fine-grained sandstone.  This facies contains soft sediment deformation 
features such as small faults and escape structures; it is often heavily bioturbated with sand-
filled horizontal tubes, most likely Planolites. 
 Contorted mudstone and/or siltstone is commonly caused by soft-sediment deformation 
within an area that is water-wet, possibly on the coastal floodplain where fine particles are 
deposited from suspension in shallow water.  This facies could occur in many depositional 
environments, and needs to be associated with other facies for a specific depositional 
environment to be delineated. 
(E)  Mudchip conglomeratic sandstone 
Mudchip conglomeratic sandstone is typically lower fine-grained to upper very fine-
grained sandstone with abundant mudchips.  Mudchips range in size from 0.04 to 0.4 in (0.1 to 
1 cm) in diameter and are typically angular in shape and poorly sorted.  Carbonaceous debris is 
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found when this facies overlies organic-rich deposits.  Bedding is partially to completely 
indistinguishable, although wavy to low-angle laminations are present when the concentration of 
mudchips is low. 
 Mudchips can be considered rip-up clasts that are interpreted to represent deposition 
resulting from erosional scour that typically occurs at the base of channels.  Mudchips may also 
occur at the base of a channel as a result of bank failure.  The angularity of mud clasts suggests 
that the clasts were not transported far from their source. 
(F)  Bioturbated sandstone 
 Bioturbated sandstone is characterized as a light gray to white, very fine-grained 
sandstone with no visible bedding structures.  Cryptic bioturbation is abundant and usually 
disturbs all previous bedding structures. Paleophycus and Macaronichnus have been found in 
this facies, but are not characteristic of this facies in all positions. 
 Bioturbated sandstone is primarily a product of cryptic bioturbation, which has erased all 
bedding structures previously present within the sandstone.  This facies is found in many 
depositional environments (alluvial plain, coastal plain, and marine shoreface), but when other 
trace fossils are identifiable, they can be used to delineate an approximate environment.  The 
presence of cryptic bioturbation is an indicator of marine-influence in non-marine environments.  
Paleophycus is a worm dwelling structure associated with the Skolithos ichnofacies, which is 
typical in both high and low energy shoreface environments, but can also be found in episodic 
storm sands and brackish-water assemblages.  Macaronichnus is interpreted as the feeding 
structure of an opheliid polychaete (Clifton and Thompson 1978) that occupies high energy 
foreshore to proximal upper shoreface environments (Saunders and Pemberton 1986) and 
some high energy tidal shoal units associated with zones at the mouth of a large estuary (Wach 
and Ruffell 1991). 
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(G)  Current-rippled sandstone 
Current-rippled sandstone is typically light gray, very fine-grained and contains 
asymmetric ripple-laminations.  The ripples are preserved dominantly on the lee-side and are 
unidirectional current ripples, which may be seen as climbing ripples.  Thin mud drapes 
accentuate the ripple stratification, typically on the foresets.  Teredolites burrows have been 
found within this facies in one core, but are not characteristic of the entire facies, where it is 
seen.  Individual ripples have heights of approximately 0.4 in (1 cm). 
 Current-rippled sandstone is deposited by the movement of low-energy currents, 
typically within a channel setting.  Current ripples can also be found in shallow-water 
environments including estuaries, bays and lagoons, and floodplain crevasse splays.  
Teredolites is interpreted as a combined feeding and dwelling trace made by wood-boring 
bivalves in woodgrounds that were submerged in a marine setting (Kriz and Mikulas 2006).  The 
presence of Teredolites indicates marine-influence within a coastal setting. 
(H)  Wave-rippled sandstone 
Wave-rippled sandstone is very fine-grained and light gray to white in color.  Ripples are 
bidirectional and could be described as “bundled”.  This facies was found in the Bass 14-6D 
core, in association with current-rippled sandstone below.  Bioturbation is minor, and ripples are 
approximately 0.4 in (1 cm) high. 
 Wave-rippled sandstone is deposited by the movement of gravity waves/swells, which 
generate bidirectional ripples.  The presence of wave ripples indicates close proximity to a body 
of water large enough to generate waves. 
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(I) Low-angle to wavy laminated sandstone 
Low-angle to wavy laminated sandstone is very fine-grained sandstone, light gray to 
white in color, with abundant mud and organic drapes.  The amount of mud and organic debris 
varies dramatically, whereby coal may occur interbedded with sandstone or sandstone may be 
the dominant lithology.  This facies is typically yellow and/or green speckled where organic 
drapes are dominant (due to oxidation).  This facies is usually very thinly bedded (0.04-0.12 in; 
1-3 mm).  Bioturbation is moderate and includes vertical burrows of the Teichichnus ichnofacies.  
Cryptic bioturbation may be responsible for disruption of laminations and the crinkly texture in 
some intervals. 
 Low-angle to wavy laminated sandstone indicates low-energy deposition in a mixed 
sand-mud environment by alternation between bedload and suspension deposition during tidal 
current flow (Klein 1977).  Teichichnus is interpreted as a dwelling/feeding structure of a 
polychaete worm of the Cruziana ichnofacies (Pemberton 1998).  Teichichnus is commonly 
found in association with the lower shoreface to offshore environments, but is also prevalent in 
lagoon/bay facies characterized by brackish water (Pemberton 1998).  This ichnofacies is not 
found in freshwater environments.  This facies could be found within a marine-influenced 
channel or in the marine realm, depending on the type of ichnofacies found and the association 
of this facies with neighboring deposits. 
(J) Trough cross-bedded sandstone 
Trough cross-bedded sandstone is fine-grained to very fine-grained with curved foreset 
laminae.  It is light-gray in color and contains very thin mudstone and/or organic draping.  
Bedsets are 0.25- to 1-ft (0.07- to 0.3-m) thick.  Bioturbation is low, although this facies is 
usually in close association with bioturbated sandstone; Rosselia may be present. 
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Trough cross-bedded sandstone is interpreted as generated by the migration of dunes in 
a high-energy setting. This facies is typically associated with deposition within a fluvial channel 
pointbar in a non-marine setting or above fair-weather wave base in a marine setting within the 
upper shoreface.  The depositional environment can be inferred by the relationship of this facies 
with other strata.  The presence of Rosselia, a feeding burrow of nereid polychaete, is generally 
associated with the proximal Cruziana ichnofacies, in fully marine settings (Pemberton 1998). 
(K)  Hummocky cross-stratified sandstone 
Hummocky cross-stratified sandstone is lower fine-grained to upper very fine-grained, 
and light gray to white in color.  Hummocks are defined scours filled with concordant bedding 
that are truncated above by parallel to concordant bedding.  Bioturbation is moderate and trace 
fossils include Ophiomorpha, Planolites, Rosselia, Asterosoma, Teichichnus and 
Thalassinoides. 
Hummocky cross-bedded sandstone is characterized as a wave-dominated facies 
deposited below fair-weather wave base and above storm-weather wave base (Dott and 
Bourgeois 1982).  Hummocky cross-bedding is generated by storms in the ocean, whereby 
down-welling currents erode scour surfaces in the sand (e.g. Dott and Bourgeois 1982; Swift 
and Figueredo 1983; Walker et al. 1983; Duke 1985; Cheel and Leckie 1993).  Sediment is 
suspended by the storm currents and then settles out of suspension and proportionally fills the 
scour (Leckie and Walker 1982).  Hummocks are characteristic of deposition on the lower 
shoreface in a storm-dominated setting (Cheel and Leckie 1993).  Rosselia, Asterosoma, 
Teichichnus, and Thalassinoides are associated with the Cruziana ichnofacies in fully marine 
settings of the lower shoreface to offshore environments.  When Rosselia and Asterosoma are 
found together, they are good indicators of the top of the lower shoreface (Pemberton 1998).  
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Ophiomorpha is associated with the Skolithos ichnofacies, which is dominantly found within 
marine shoreface environments. 
(L) Shell hash 
This facies is dominantly composed of mudstone with a diverse accumulation of 
brackish-water fauna, including oysters, Corbulid bivalves, Turritellas gastropods and 
Brachidontes (Figure 11).  This facies in some places has a very fine-grained sandstone matrix.  
The shell hash facies is commonly 1-4 feet (0.3-1.5 m) thick, and is thickest in the Bass 14-6D 
core (Figure 12).  The shells range from very densely populated to scattered, and they are 
usually thickest just above the base of the interval, which commonly overlies a coal seam or 
marine sandstone. 
 The shell hash facies contains fauna representative of deposition in brackish water, 
therefore this facies is interpreted to have been deposited within a bay or estuarine 
environment.  This facies may be deposited in a regular succession behind the shoreline in 
association with marine successions, or a result of storm agitation within a bay.   
FACIES ASSOCIATIONS 
Facies associations are vertical successions of facies that represent a succession of 
deposits within a depositional environment (Collinson 1969).  It has been recognized that 
vertical facies analysis must be completed within conformable strata packages to accurately 
interpret coeval, lateral facies relationships along a single depositional surface (Walther 1894; 
Middleton 1973; Reading 1978; Walker 1984).  Walther’s Law states that if two facies are 
adjacent to one another in a vertical succession, they were likely deposited in adjacent 
depositional environments (Anderton 1985).   
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Figure 11. Brackish-water faunal diversity within the Jewell 22-9C core (4877 ft).  
Br=Brachidontes.  T= Turritellas.  C=Corbulid. Oy=oyster. There is a high diversity 
of highly tolerant fauna within the lower Williams Fork Formation, that reflect 
deposition in an intertidal, brackish setting.
Br  T
  T
Oy
C
 C
1 in
2.5 cm
Oy
30
BA
C
Figure 12. Brackish-shell facies from the Bass 14-6D. (A) 3-4 foot succession of brackish
shells in the South Canyon coal zone, (B) detailed photograph of oysters (7846 ft), (C) 
detailed photograph of Corbulids (C), and oysters (Oy) (7847 ft).
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Comparing the core descriptions to the associated well-log character is also an 
important step in attempting to make stratigraphic correlations using well logs.  Each facies 
association has a distinctive log signature, making correlation in the subsurface possible based 
on log character and correlation to cores.  There are five facies associations recognized in the 
cores described in this study, and each represent a distinctive environment of deposition.  Since 
facies alone cannot solely determine depositional environment in some cases, facies 
associations are important.  Core descriptions were completed using the interpretation key in 
Figure 13. 
(1) Wave-dominated shoreface 
The shoreface facies association is characterized by a coarsening-upward succession of 
facies. This succession ranges from 60-300 ft (18-91 m) thick.  The shoreface association 
contains sandstone beds that thicken upwards and sedimentary structures that indicate 
shallowing-upward environments (e.g. hummocky cross-stratification, trough cross-bedding).  
Trace fossil assemblages in this association include Rosselia, Teichichnus, Diplocraterion, 
Asterosoma, Phycosiphon, Ophiomorpha, and Macaronichnus, all indicative of deposition in 
fully-marine to shallow-marine environments (Figure 14). 
 The base of this association is dominantly mudstone that is intensely bioturbated by 
marine trace fossils, and contains thin beds of hummocky cross-stratified sandstone (Facies K).  
Trace fossils are dominantly Teichichnus and Diplocraterion.  The presence of marine 
mudstone, marine trace fossil assemblages, and hummocky cross-stratification imply deposition 
below storm wave-base in an offshore to distal lower shoreface environment (Van Wagoner et 
al. 1990).   Within this association, the offshore to distal lower shoreface environments are not 
always deposited and/or preserved in all cores (Figure 15a).  Hummocky cross-stratified 
sandstone beds thicken- and coarsen-upward and interbedded mud partings decrease until they 
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Figure 13.  Interpretation key for core descriptions.
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Figure 15a. Malone 27-12B core; middle sandstone core description compared to well-log 
facies.  This section represents deposition within the lower shoreface and upper shoreface and 
corresponds to a coarsening-upward (decreasing gamma-ray value) well-log signature.  This 
succession represents one parasequence. FS = flooding surface. 
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are no longer present.  The presence of hummocky cross-stratified sandstone indicates 
deposition below storm wave-base.  Sedimentation below storm wave-base, the lack of 
mudstone, and the thickening of sandstone beds is characteristic of deposition within the 
proximal lower shoreface (Van Wagoner et al. 1990; Kamola and Van Wagoner 1995).  This 
succession transitions upward into upper fine-grained trough cross-bedded sandstone (Facies 
J) with some organic material seen as partings.  The presence of trough cross-bedded 
sandstone is indicative of deposition above storm wave-base, yet below fair-weather wave-base 
and is considered the upper shoreface by Van Wagoner et al. (1990). Ophiomorpha and 
Macaronichnus are present in this interval, and are also indicative of deposition on the upper 
shoreface.  The top of the upper shoreface is rooted and bedding is disrupted to absent (Figure 
15b). The heavily rooted zone at the top of the upper shoreface indicates the presence of 
terrestrial plants directly landward of the shoreface.  A thick 10- to 12-ft (3- to 3.7-m) coal 
(Facies A) overlying the upper shoreface supports an interpretation consistent with a transition 
from the upper shoreface directly into the coastal-plain and/or paludal environment. 
  This entire vertical succession is interpreted as a parasequence, representing a 
shoaling-upward succession of strata due to progradation of sediment seaward.  This is a 
typical coarsening-upward parasequence and characterizes the parasequence succession 
correlated in the lower Williams Fork Formation in the southeastern Piceance Basin.  The entire 
vertical succession is not always preserved (Figures 16a and 16b) depending on the position 
within the stacked parasequences.  In the Mamm Creek Ranch core, there appears to be a 
stacking of lower shoreface to upper shoreface deposits in the middle sandstone, suggesting 
even finer-scale heterogeneity than the parasequence scale. 
In well logs, this facies association corresponds to decreasing-upward gamma-ray 
values, with a distinctive mirror-gamma-ray funnel shape.  If the distal lower shoreface and/or 
offshore is missing, the gamma ray log is generally blocky.  The offshore environment is 
37
  
 
 
 
 
 
 
 
 
Figure 15b. Malone 27-12B core; middle sandstone core description compared to well-log 
facies.  This section represents deposition within the offshore to lower shoreface and upper 
shoreface and corresponds to a coarsening-upward (decreasing gamma-ray value) well-log 
signature although some mud/organic lenses in the shoreface result in increased gamma-ray 
value intervals.  This succession represents one parasequence. FS = flooding surface. 
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Figure 16a.  Mamm Creek Ranch T45-20P core; middle sandstone core description compared 
to well-log facies.  This section represents deposition within the offshore and lower shoreface 
and corresponds to a coarsening-upward (decreasing gamma-ray value) well-log signature.  
This succession represents one parasequence and the base of the next parasequence, which 
continues in Figure 16b. FS = flooding surface. 
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Figure 16b. Mamm Creek Ranch T45-20P core; middle sandstone core description compared to 
well-log facies. This section represents deposition within the lower shoreface and coastal plain 
and corresponds to a coarsening-upward (decreasing gamma-ray value) to blocky well-log 
signature.  This succession represents the top of one parasequence, which is continued from 
Figure 16a.  Note the absence of upper shoreface deposits. FS = flooding surface. 
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represented on the gamma-ray log as shale with high gamma-ray values.  The lower shoreface 
environment is represented by decreasing gamma-ray values as the log transitions upward from 
offshore sediments.  Thin sandstone beds in the distal lower shoreface, when incased in 
dominantly mudstone, are not thick enough to be expressed as sandstone in the gamma-ray 
log.  There is a slight decrease in gamma-ray value where these sandstone beds are greater 
than 1-ft (0.3-m) thick.  The distal lower shoreface transitions into the proximal lower shoreface, 
which is composed dominantly of sandstone, is reflected on the gamma-ray log by gamma-ray 
values of less than 96.  Where there is interbedded mudstone in the lower shoreface, but the 
lithology is dominantly sandstone, there is an increase in gamma-ray values, but because these 
beds are very thin, sandstone values still dominate the interval.  In the proximal lower shoreface 
and upper shoreface there is a slight decrease in gamma-ray values, indicating an increase in 
the sandstone/mudstone ratio.  Organic debris is common in the upper shoreface and is 
expressed by a high density porosity (>0.25), and commonly a slightly higher gamma-ray value.  
The most organic-rich facies is coal, which is sometimes seen at the top of this parasequence 
and is easily recognizable by log signature.  Coal has a very low gamma ray, typically below 30 
API, and density and neutron porosity values greater than 0.25. 
(2) Tidally-influenced channel 
 The tidally-influenced channel association is characterized by a fining-upward 
succession of facies as described in the Bass 14-6D core (Figure 17).  This succession is 
approximately 60 ft (18 m) thick with a very sharp base characterized by mudchip conglomeratic 
sandstone, scoured into the underlying carbonaceous shale of the coastal plain.  The lower 35 ft 
(11 m) is dominated by low-angle to wavy laminated sandstone (Facies I) and current-ripple 
laminated sandstone (Facies G).  Mud drapes and organic drapes (some coal lenses) are 
abundant and define ripple sets.  The upper 25 ft (8 m) is dominated by wave-ripple laminated 
sandstone (Facies H), Teichichnus trace fossils and a Teredolites-bored log (Figure 18).  The 
44
  
 
 
 
 
 
 
 
 
Figure 17. Bass 14-6D core; Cameo-Wheeler coal zone core description compared to well-log 
facies. This succession represents deposition within a tidally-influenced channel with possible 
bay deposits and corresponds to a fining-upward (increasing gamma-ray value) well-log 
signature.  The channel base is a scour surface with mudchips, which fines upward into current-
ripple laminated and wave-ripple laminated deposits. FS = flooding surface. 
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AFigure 18. Characteristic succession in tidally-influenced channel. (A) wave-rippled lamination,
7996 ft depth; (B) Teredolites bored log, 8002 ft depth; (C) current-ripple lamination, 8004 ft 
depth; (D) vertical burrow, 8027 ft depth; (E) trough cross-bedding, 8037 ft depth; (F) mud-chip 
conglomeratic at base scour surface, 8041 ft depth.  Photos and depth are from Bass 14-6D 
core (see Figure 17).
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top of the tidally-influenced channel is gradational into the overlying carbonaceous shale of the 
coastal-plain.  The current- and ripple-laminated sandstone and Teredolites trace fossils are 
indicative of deposition near the coast with wave and saline-water influence. 
 In well logs, the tidally-influenced channel facies association is overall fining-upwards 
(increasing gamma-ray value upwards) with abundant organic- and mud-rich lenses that are 
expressed in the log by increased gamma-ray values.  Although the base of the association is a 
sharp-scoured surface, because it is composed of abundant mud chips, the gamma-ray log 
reflects the presence of the mudchips (increased gamma-ray values) and the base of the 
channel improperly appears to have a more gradual base on the well log than in the core.  This 
is important to note and has even more significance in stacked fluvial channels which contain 
abundant mudchip conglomeratic sandstone (Facies E) deposits.  
(3) Fluvial Channel 
 The fluvial channel association is characterized by a fining-upward to blocky succession 
of facies (Figures 19a-c).  Fluvial channels are sharp-based with mudchip conglomeratic 
sandstone (Facies E) and grade upward into trough cross-bedded sandstone (Facies J) or low-
angle to wavy laminated sandstone (Facies I).  If these facies are present, they grade upward 
into current ripple-laminated sandstone (Facies G).  Channels contain abundant plant debris 
(coaly material) and are typically 3-15 ft (1-5 m) thick.  Channels form isolated and 
amalgamated channel bodies.  These channel deposits do not have any sedimentary features 
that would suggest a marine influence and thus were probably deposited on the coastal plain 
farther behind the shoreline than the tidally-influenced channels.  These channels are typically 
located stratigraphically within the coal zones. 
 In well logs, fluvial channels typically have an upward-fining gamma-ray character (Figure 
20).  Mud breaks are seen in the gamma-ray and are usually represented by mud partings in the 
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Figure 19a. Shaeffer 11-9C core; middle sandstone (landward of the shoreline) core 
description compared to well-log facies. This succession represents deposition within 
the coastal plain and includes fluvial channel and bay deposits. The fluvial channel has 
a blocky well-log signature and is 13 ft (4 m) thick. FS = flooding surface.
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Figure 19b. Bass 14-6D core; South Canyon coal zone core description compared to well-log 
facies.  This succession represents deposition within the coastal plain and includes fluvial 
channel and bay deposits. The stacked fluvial channels contain abundant mudchips, which is 
reflected in the high gamma-ray value well-log signature. FS = flooding surface. 
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Figure 19c. Jewell 22-9C core; South Canyon coal zone core description compared to well-log 
facies.  This succession represents deposition on the coastal plain and within fluvial channels.  
Fluvial channels have a low gamma-ray value, although intervals with high gamma-ray value 
reflect the presence of mud drapes. FS = flooding surface. 
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Figure 18c. Jewell 22-9C core; South Canyon coal zone core description compared to 
well log facies. This succession represents deposition on the coastal plain and within 
fluvial channels. Fluvial channels have a low gamma ray API, although intervals with 
high gamma ray API reflect the presence of mud drapes. FS=flooding surface.
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Figure 20. Jewell 22-9C core; South Canyon coal zone core description compared to well-log 
facies. This succession represents deposition on the coastal plain, with thin fluvial deposits and 
a crevasse splay, which is a coarsening-upward deposit in the core on the gamma-ray log. FS = 
flooding surface. 
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Figure 19. Jewell 22-9C core, South Canyon coal zone core description compared to 
well-log facies.
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core or channel scours.  In stacked/amalgamated channels, high gamma-ray values are 
dominant because of the abundance of mudchip conglomerates at the base of channels (Figure 
19b).  The response of the mudchips in the gamma-ray log may even mimic a coarsening-
upward character on the log resembling a parasequence, but channels are generally thinner 
than the shoreface sequence, and typically have a more serrated log pattern. 
(4) Crevasse Splay and Floodplain 
 The crevasse-splay association is characterized by a coarsening-upward succession of 
facies (Figure 20).  This association is typically 1-5 ft (0.3-1.5 m) thick and grades upward from 
mudstone with thin beds of contorted to current ripple-laminated sandstone (Facies G), to 
thicker beds (1-2 ft; 0.3-0.6 m) of low-angle to wavy laminated sandstone (Facies I) or current 
ripple-laminated sandstone (Facies G).  The crevasse splay intervals are typically also 
associated with contorted mudstone (Facies D) and rooted mudstone (Facies C) that are 
considered to represent deposition on the floodplain. 
 Crevasse splays typically show a decreasing-upward trend in gamma-ray values, and the 
top of the crevasse splay is represented as sandstone on the gamma-ray log.  The floodplain is 
dominantly mudstone and is expressed in the gamma-ray log by dominantly high gamma-ray 
values with some variability.  The floodplain also contains coal deposits characterized by low 
gamma-ray values (<96) and high density and neutron porosities (>0.25). 
(5) Brackish-water assemblage 
The brackish-water facies association contains abundant shell accumulations, represents a 
different environment than the other facies associations and has important significance.  This 
association is usually 1-5 ft (0.3-1.5 m) thick.  It is difficult to determine whether this association 
has distinct well-log signatures, it is usually very thin and the gamma-ray values are dominantly 
characteristic of the surrounding sediments, which are usually organic-rich deposits, siderite, or 
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coal.  When the cores are tied to the well logs, the stratigraphic position of these deposits is 
observable (Figures 19a-b, Figure 20, Figure 21).  This association is usually found at the top of 
shoreface associations (see Figure 21), and is most likely representative of the deposition of 
bay sediment, indicating that bays were present behind the shoreline throughout the lower 
Williams Fork Formation. 
PARASEQUENCES 
 Parasequences are recognized in the core as vertical successions of facies and facies 
associations that represent offshore to distal and proximal lower shoreface, upper shoreface, 
and peat mire deposits.  This vertical succession of facies is expressed in the logs by a 
“cleaning”-upward to blocky gamma-ray signature, with low neutron and density porosity log 
values and very minor fluctuation in gamma-ray values.  Coals seen at the top of 
parasequences are excellent stratigraphic markers and are easily identified in cores and well 
logs by very high density porosity, high resistivity, and low gamma ray values.  Parasequences 
can be correlated using well logs because they are relatively thick (50-200 ft; 15-61 m), have a 
distinct log signature, and are very laterally continuous. 
STRATIGRAPHIC VARIABILITY 
 From investigation of the cores, it is evident that the lower Williams Fork Formation in 
Mamm Creek Field is dominated by wave-dominated shoreface and paludal to coastal-plain 
deposits.  Thick coal zones are composed of isolated to amalgamated channels with some 
tidally-influenced channels, indicating a close proximity to the shoreline. Brackish-water deposits 
with a high diversity of brackish-water fauna imply that there were large bays behind the 
shorelines, which were probably significantly eroded during shoreface ravinement 
(transgression), and then quickly filled in after the shoreline prograded seaward. 
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Figure 21. Galloway 2-3 core; Cameo-Wheeler coal zone, middle sandstone, and South Canyon 
coal zone core description compared to well-log facies.  These successions represent the 
presence of bay deposits throughout the lower Williams Fork Formation, although these 
deposits are not easily recognized in well logs alone. 
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Cameo-Wheeler coal zone 
 The Cameo-Wheeler coal zone is composed of a series of non-marine, tidally-influenced 
sandstone channels, siltstones, shales, and coal seams (Figure 22).  The Bass 14-6D core 
indicates tidally-influenced strata in R93W-T7S.  At Rifle Gap, the Cameo-Wheeler coal zone is 
approximately 250 ft (76 m) thick and is dominated by thinly bedded, wavy laminated deposits at 
the base, followed upward by channel sandstones up to 30 ft (9 m) thick and interbedded coal, 
siltstone, and mudstone.  Much of the Cameo-Wheeler coal zone in outcrop is considered 
clinker and has a red-to-orange color from burning of the coal by lightning strikes; the color is 
expressed in the sandstones, shales, and mudstones throughout the zone.  Trace fossils in the 
interval at Rifle Gap include Cylindrichnus, Paleophycus, and one occurrence of Teichichnus.  
The dominant sedimentary structures are thinly bedded wavy-to-ripple laminations at the base, 
and current-ripple laminations throughout the rest of the section.  In Coal Basin, the Cameo-
Wheeler coal zone contains dominantly low sulfur coals that were presumably deposited under 
freshwater conditions (Collins 1976). The lower portion of the Cameo-Wheeler interval is 
generally higher in ash content than the upper portion; the lower part of the seam is composed 
of non-woody plant remains whereas the upper 6-15 ft (1.8-4.6 m) generally consists of wood-
origination macerals (Collins 1976).  Occasional thin beds of shell hash varying from nearly pure 
cemented fragments to casts and molds in siltstone are present in this interval in the Coal Basin 
area and consist of Corbula and Corbicula shells and some Ostrea fragments (Collins 1976).  
These beds are never very laterally extensive and generally grade horizontally into 
carbonaceous sandy-siltstone.  The sandstones within the Cameo-Wheeler coal zone are 
dominantly massive to plane-bedded and cross-bedded, with minor ripple lamination.  A general 
current direction of southeast is indicated from outcrop description in Coal Basin (Collins 1976).   
 The Cameo-Wheeler coal zone represents deposition on the lower coastal-plain with 
minor brackish-water influence.  The presence of brackish-water trace fossil assemblages at 
60
Figure 22. Sedimentary features and trace fossils of the Cameo-Wheeler coal zone at Rifle Gap.
(A-B) Clinker, (C) Current-ripple lamination, (D) Paleophycus trace fossils, (E) Current-ripples,
(F) Teichichnus trace fossil, (G) moving from right to left: Rollins Sandstone Member at far right, 
Cameo-Wheeler coal zone with several coal beds, yellow line is boundary between the Iles 
Formation and the Williams Fork Formation, (H) thinly-bedded sandstone. 
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Rifle Gap and shell hash at Coal Basin indicate that there was some marine influence within the 
otherwise predominantly non-marine succession of fluvial channels, siltstone, and coal of the 
Cameo-Wheeler coal zone.  The shell hash has only been documented in outcrop at Coal 
Basin, which is the farthest seaward outcrop exposure.  The Bass 14-6D core is the farthest 
landward documentation of marine-influenced strata in the Cameo-Wheeler coal zone.  In many 
basins, tidally-influenced fluvial deposits occur within the transgressive systems tract, related to 
high rates of base level rise, with tidal influence known to occur up to 62 mi (100 km) landward 
of the shoreline in modern rivers (Allen 1984) and at least 25 mi (40 km) landward in ancient 
deposits (Shanley et al. 1992).  Very thinly bedded wavy laminated sandstone present at the 
base of the succession at Rifle Gap, directly above the coal at the top of the Rollins Sandstone 
Member (Iles Fm.) may be interpreted as tidal rhythmic bedding (Figure 22; Appendix B).  
Middle sandstone 
 In cores within Mamm Creek Field, a clear shoreface succession is preserved within the 
middle sandstone.  The succession is dominated by hummocky cross-stratified sandstone at the 
base and trough cross-bedded sandstone at the top, with a coarsening-upward and thickening-
upward character (Figures 15a & 15b).  At the top of the succession root traces are seen within 
the sandstone and disturb all bedding.  At Rifle Gap, the middle sandstone is present and 
measures 150 ft (46 m) thick, contains a coarsening-upward succession of strata, and is 
dominantly composed of hummocky cross-stratified sandstone where bedding is decipherable 
(Figure 23; Appendix B).  Moderate bioturbation by Ophiomorpha trace fossils is seen 
throughout this succession (Figure 23).  The middle sandstone at Coal Basin is fine- to medium-
grained, massive and contains predominantly sub-parallel laminations when bedding is present 
(Collins 1976).  Where cross-bedding is present, a transport direction to the south is indicated.    
The marine shale at Coal Basin is dominated by trace fossils of Cylindrichnus reptilis, 
Thalassinoides, and Ophiomorpha, whereas the only observed trace fossils in the marine 
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Figure 23.  Photographs from the middle sandstone at Rifle Gap.  (A-B) hummocky cross-
bedded sandstone, (C-D) Ophiomorpha trace fossils, (E) unknown trace fossils, (F-G) photo
pan of the middle sandstone, base is on right and top is on left, photos are taken from slightly
different perspectives and overlap slightly.
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sandstone are several intervals of well developed Ophiomorpha (Collins 1976).  Some probable 
root structures are present in the upper foot of the sandstone, along with considerable coalified 
plant debris (Collins 1976).  In some parts of Coal Basin, thin and limited lenses of 
carbonaceous siltstone and coal occur in the upper 10 to 50 ft (3 to 15 m) of the sandstone. 
 Analysis of cores and documentation of similar successions of strata within the middle 
sandstone in outcrop, which contain marine trace fossil assemblages and hummocky cross-
stratified sandstone, verify the interpretation of the middle sandstone as a wave-dominated 
shoreface succession. 
South Canyon coal zone 
 Above the middle sandstone, the South Canyon coal zone is a nonmarine to brackish-
water succession, based on analysis of cored intervals.  Brackish-water shells are identified in 
all of the cores within the South Canyon coal zone interval.  The South Canyon coal zone is not 
present or is not visible at Rifle Gap.  In Coal Basin, the South Canyon coal zone is dominated 
by deposition of a series of non-marine and brackish coals, siltstones, mudstones, shales and 
channel sandstones (Collins 1976).  The presence of brackish to nonmarine deposits indicated 
that deposition took place on the lower coastal-plain where marine-influenced deposits could 
still infiltrate the dominantly non-marine coal zone.   
Upper sandstone 
 The upper sandstone is cored by one well (Last Dance 43C-3-792), yet is not present at 
Rifle Gap.  Lithologic descriptions are taken from Madden (1986) and Collins (1976) to describe 
the upper sandstone along the Grand Hogback and at Coal Basin (Appendix C).  The upper 
sandstone in the Last Dance core is described as low-angle planar laminated and trough cross-
bedded sandstone and it is highly bioturbated in the middle of the unit by horizontal mud-filled 
tubes, some of which may be siderite-replaced (Quest, 2008).  Madden (1989) described the 
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upper sandstone along the Grand Hogback, but refers to the succession as the Hass 
Sandstone.  The basal contact of the Hass Sandstone is sharp, is considered the lower 
shoreface, and contains detrital carbonaceous and coaly debris, which locally overlies coal and 
clinker (Madden 1989).  The basal sandstone contains abundant Ophiomorpha, with moderate 
bioturbation from Thalassinoides, Rhizocorallium, and Diplocraterion (Madden 1989).  Above 
this unit is offshore mudstone containing hummocky cross-stratified sandstone beds and wave-
rippled silty-mudstone (Madden 1989).  The mudstone contains Inoceramus sp., Oxytoma sp., 
and the ammonite Didymoceras cheyennense (Madden 1989).  This grades upward into a 
massive-weathered deposit, presumably of the upper shoreface (Madden 1989).  At Coal Basin, 
the upper sandstone is virtually identical to the middle sandstone, although this unit is medium-
grained in Coal Basin (Collins 1976).  Ophiomorpha was the only observed trace fossil in the 
upper sandstone, and sedimentary structures indicate a predominantly southeasterly flow 
direction (Collins 1976). 
 The base of the upper sandstone, as described by Madden (1989), contains detrital 
carbonaceous and coaly debris, suggesting that the base of the upper sandstone may be 
erosional.  The succession described by Madden (1989) and Collins (1976) confirms that the 
upper sandstone is of marine origin based on sedimentary structures and trace fossil 
assemblages. 
Coal Ridge coal zone 
 The Coal Ridge coal zone is dominantly non-marine with thin, discontinuous coals that 
commonly contain siltstone partings.  One horizon of brackish-water shell hash is seen in Figure 
19.  The Coal Ridge coal zone is interpreted to have formed in restricted swamps between low-
sinuosity distributaries on a low-gradient coastal-plain (Lorenz 1989). 
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CHAPTER THREE 
STRATIGRAPHIC ARCHITECTURE 
 Stratigraphic architecture refers to the geometry of sedimentary units (or bodies) and the 
way in which individual sedimentary units (or bodies) stack in time and space (e.g. Allen and 
Allen 2005).  Stratigraphic architecture in this study includes the analysis of parasequence 
stacking patterns and parasequence geometries.  This analysis is applied to delineate the 
spatial and temporal variability and geometric relationships of marginal-marine strata within the 
lower Williams Fork Formation.  Stratigraphic architecture is assessed through the interpretation 
and correlation of parasequences and coastal-plain deposits within the lower Williams Fork 
Formation in the southeastern Piceance Basin.  The regional stratigraphy is assessed, as well 
as characteristics of individual parasequences within the middle and upper sandstones. 
Parasequence stacking patterns are analyzed through the identification of parasequence 
sets, which are defined as “successions of genetically related parasequences that form a 
distinctive stacking pattern, commonly bounded by major marine flooding surfaces and their 
correlative surfaces” (Van Wagoner 1985; Van Wagoner et al. 1988).  Parasequence sets are 
considered progradational (seaward-stepping), retrogradational (landward-stepping), or 
aggradational (vertical-stacking) based on their genetic relationship with underlying and 
overlying strata (Figure 24).  The parasequence stacking patterns are determined by comparing 
the position of the up-dip termination of marine facies for each parasequence.  Parasequence 
sets are bounded by major marine flooding surfaces or discontinuities which represent major 
changes in the rate of accommodation.  Progradational parasequence sets occur when the rate 
of deposition is greater than the rate of accommodation, retrogradational parasequence sets 
occur when the rate of deposition is less than the rate of accommodation, and aggradational 
parasequence sets occur when the rate of deposition is approximately equal to the rate of 
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Figure 24.  Parasequence stacking patterns in parasequence sets; cross sectional
view.  In progradation parasequence sets, the rate of deposition is greater than the 
rate of accommodation; in retrogradational parasequence sets, the rate of deposition 
is less than the rate of accommodation; in aggradational parasequence sets the rate 
of deposition is approximately equal to the rate of accommodation. Modified from 
Van Wagoner et al. (1991).  
Progradational Parasequence Set
Retrogradational Parasequence Set
Aggradational Parasequence Set
Coastal-plain sandstones
and mudstones
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accommodation (Van Wagoner et al. 1990).  Parasequence stacking patterns record 
fluctuations in relative sea level and, in the lower Williams Fork Formation within the study area, 
record two transgressive-regressive cycles, each composed of retrogradational to 
progradational parasequence sets. 
 The well logs used in this study are primarily gamma-ray, density porosity, neutron 
porosity, and resistivity.  Gamma ray is used as a proxy for sandstone content, where a cut-off 
of 96 API is used to delineate sandstone (<96 API) and shale (>96 API).  Density porosity is 
used to calculate a coal flag, where coal is characterized by a low-density response less than 
0.25, combined with a gamma ray reading less than 96 API.  These cutoffs have been verified 
during core analysis and are appropriate for the study area.  Wells are densely-spaced 
(common well spacing is 660 ft; 201 m) and allow for correlations to be made by the recognition 
of subtle changes in log character and shape.  The correlation of marine flooding surfaces, 
which are also considered parasequence bounding surfaces, is completed by the recognition of 
coarsening-upward or blocky vertical parasequence successions with similar log character and 
stratigraphic position from well to well.  In the Williams Fork Formation in the southeastern 
Piceance Basin, marine flooding surfaces are typically expressed as the surface between which 
marine shale is overlying coal or shoreface strata.  The top of the Rollins Sandstone Member is 
easily identified in logs and is the first picked in correlations.  The Rollins Sandstone Member is 
easily recognized because it is the highest stratigraphic interval in the well logs that is 
composed of a very thick (150-300 ft; 46-91 m) coarsening-upward vertical succession that is 
continuous in all well logs and is topped above by a thick coal.  The top of the Cameo-Wheeler 
coal zone is interpreted as the last pervasive coal before marine deposition begins in the lower 
Williams Fork Formation.  The middle sandstone parasequences are correlated by the 
identification of flooding surfaces which typically occur above a coarsening-upward log pattern 
that commonly includes coal at the top of the succession.  Figure 25 illustrates the methods 
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Figure 25.  Type log for the identification and correlation of parasequences in the middle 
sandstone.  The top of the Rollins Sandstone Member is easily identified in logs and is the first 
surface picked in correlations.  The top of the Cameo-Wheeler coal zone is the last pervasive 
coal before marine deposition dominates.  The middle sandstone parasequences are correlated 
by the identification of flooding surfaces which typically occur above a coarsening-upward log 
pattern that commonly includes coal at the top of the succession (see Figure 8 for location).
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used to identify zones and parasequences within the middle sandstone.  The correlation of 
parasequences in the middle sandstone is similar to correlation of parasequences in the upper 
sandstone, whereby flooding surfaces are used to delineate parasequences.  There are only 
minor differences associated with the variation in parasequence character between middle and 
upper sandstone units. 
Parasequence geometry and spatial distribution are analyzed by generating gross-
interval, net-sandstone, and net-coal isopach maps for each parasequence. The gross-interval 
isopach maps are calculated between flooding surfaces to characterize the shape and extent of 
each parasequence or stratigraphic unit.  Net-sandstone and net-coal isopach maps are 
calculated between flooding surfaces, and show the cumulative thickness of sandstone (net 
sandstone) within each interval.  Generally, the external structure of each parasequence can be 
used to determine the depositional nature of the deposits and their lateral continuity.  
Parasequence isopach maps are used to identify and show stratigraphic changes in the nature 
of parasequence deposition and/or preservation.  Net-sandstone and net-coal isopach maps 
were also generated for larger intervals, for example, over an entire coal zone, to characterize 
the coal or sandstone within the interval.  A least squares algorithm was used, with a distance 
weighting damping factor of 2, to contour the isopach data. 
REGIONAL STRATIGRAPHY 
 Several regional cross-sections are presented to establish the regional stratigraphic 
variability within the lower Williams Fork Formation (Figure 26).  The Rollins Sandstone Member 
(Iles Fm.), middle sandstone, and upper sandstone are identified from core and outcrop as 
marine sandstones that are each associated with a genetically-related coal zone (Cameo-
Wheeler coal zone, South Canyon coal zone, and Coal Ridge coal zone, respectively).  The 
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Figure 26. Location of cross sections shown in subsequent figures. Wells are shown in black;
orange circles indicate locations of cored wells and blue circles indicate the locations of type
logs.  Green shading represents the outcrops of the Mesaverde Group; red shading represents
the locations of gas fields.  Triangles show locations of measured sections; Rifle Gap, New 
Castle (Madden 1989); Thompson Creek (Collins 1970); Coal Basin (Collins 1970). Blue line 
shows location of Figure 32 cross section.  The well names and numbers for the wells that are 
used in the cross section are listed in Appendix D.   
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lateral extent and thickness of each zone is delineated by subsurface mapping of the marine 
sandstones and coal zones. 
 In regional dip cross sections (Figures 27 and 28) it is evident that the Rollins Sandstone 
Member is present over the entire study; the middle sandstone is present over much of the 
study area, while the upper sandstone is only present in the eastern part of the study area.  The 
Rollins Sandstone Member is a coarsening-upward succession of progradational 
parasequences, representing a progradational parasequence set, that thin to the west and 
transition into coastal-plain strata.  The Cameo-Wheeler coal zone has relatively the same 
thickness along the dip-oriented profiles.  The middle sandstone and upper sandstones both 
thicken eastward and the associated coal zones (South Canyon coal zone and Coal Ridge coal 
zone, respectively) both thin over the marine sandstones and thicken westward.  The thickest 
coal zones occur behind the landward pinch-out of marine strata.  Coals are thickest directly 
behind shorelines of the Rollins, middle, and upper sandstones.  Comparatively, coal zones 
transition landward into thin, discontinuous coals and isolated channel sandstones to the west.  
The lower Williams Fork Formation thickens eastward, which also corresponds to a thickening 
of marine sandstones in this direction. 
 Two strike oriented sections, oriented north-south (location shown in Figure 26) are 
shown in Figures 29 and 30.  The Rollins Sandstone Member (Iles Fm.) thickens to the south, 
opposite of the middle and upper sandstones, which both thin towards the south in cross section 
C (Figure 29). The strike-oriented sections reveal the continuity of marine sandstone deposits of 
the middle sandstone, which are laterally continuous for over 40 mi (64.4 km).   The upper 
sandstone pinches out to the south and is only present in the three northern wells in cross 
section C (Figure 29).  The upper sandstone appears to be less laterally continuous than the 
middle sandstone, but appears to increase in lateral extent seaward.  Farther seaward, in cross 
section D (Figure 30), the middle and upper sandstones are both very thick (350 ft; 107 m) and 
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Figure 29. Regional cross section roughly along strike in the southeastern Piceance Basin.  The 
Rollins Sandstone member and the middle sandstone are continuous along strike, while the 
upper sandstone pinches out to the south.  Location of section shown on Figure 26.  Well details 
are listed in Appendix D. 
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Figure 30. Regional cross section roughly along strike in the southeastern Piceance Basin.  
Marine sandstones are continuous along strike and it is evident that the upper sandstone 
increases in lateral extent seaward.  Location of section is shown in Figure 26.  Well details are 
listed in Appendix D. 
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are laterally continuous for at least 32 mi (51.5 km).  The marine sandstones are much thinner 
in the western cross section where they transition into coal and isolated fluvial channels of the 
coastal plain.  The upper sandstone is difficult to correlate outside of dense well control. 
 The strike oriented sections reveal the lateral continuity of marine sandstone deposits, 
which suggests deposition along a continuous strandplain.  Hummocky cross-stratification within 
the marine sandstones implies deposition in a wave- or storm-dominated setting.  The extent of 
the middle and upper sandstones are shown in Figure 31.  The shorelines appear to trend NW-
SE to NE-SW.  The middle sandstone extends landward to R93W-R94W, and the upper 
sandstone extends landward only to the middle of R92W.   
 Coal zones appear to be genetically related to strandplain deposits of the middle and 
upper sandstones.  The paludal deposits contain the large volumes of coal in the lower Williams 
Fork and lie directly behind the shoreline pinch-outs of the marine sandstones.  As the 
shorelines move farther seaward, the paludal environment shifts accordingly and overlies the 
prograding shorelines.  Behind the paludal environment are the coastal-plain and alluvial-plain 
settings, respectively. 
 The relationship and position of coal zones record fluctuations in relative sea level 
because they are coeval with deposition on the shoreline. Garrison and van den Bergh (1997) 
and Garrison (2004) found that within the Upper Ferron Sandstone in Utah, the upper 
boundaries of parasequence sets, when not coincident with depositional sequence boundaries 
or transgressive ravinement surfaces, are coal zones, defined as coal seams and their laterally 
equivalent, genetically related lithologies.   The stratigraphic position of amalgamated channels 
in the alluvial-plain also corresponds with the position of coastal-plain and shoreline deposits, 
which reflect movement of the shoreline and changes in paleogeography that correspond to 
fluctuations in relative sea level. 
79
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PARASEQUENCE AND COAL STRATIGRAPHY 
 Parasequences in the lower Williams Fork Formation change in character along 
depositional dip.  Parasequences in the most seaward position contain marine shale at the 
base, and are bounded above by marine shale of the next parasequence, whereas 
parasequences farther updip contain marine shale at the base and coal seams at the top.  Even 
farther landward, it is evident that marine shale intervals are not detectable on the well logs and 
the parasequences farthest landward are bounded by coal at the base and top of the 
succession.  Coastal-plain and delta-plain coals are the primary stratigraphic markers because 
they are easily recognizable, tend to be laterally extensive, and are generally 
chronostratigraphic markers (Garrison and van den Bergh 2004).  Principles of coal stratigraphy 
are used to develop the stratigraphic framework of the lower Williams Fork Formation.  Change 
in bounding surfaces and internal parasequence character along depositional dip represents a 
different paleogeographic belt within the same, idealized shoreline system, subject to the same 
allogenic and autogenic controls on facies architecture (Hampson et al. 1999).  Lateral changes 
in parasequence type along a dip profile are interpreted as paleogeographic transitions from 
fully marine deposition to deposition of marine and non-marine strata.  Correlation of coals, and 
laterally-equivalent marine deposits, as stratigraphic markers in the subsurface has led to the 
subdivision of several parasequences in the middle and upper marine sandstones.  The 
delineation and correlation of parasequences in the middle and upper sandstones is shown in 
Figure 32. 
Rollins Sandstone Member (Iles Fm.) 
The Rollins Sandstone Member contains several progradational parasequences that are 
very laterally extensive.  Upon correlation of the overlying thick coal seam (used as a 
stratigraphic marker), the Rollins Sandstone Member appears to transition laterally into coastal-
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plain deposits at the boundary between townships 93W and 94W.   The transition is shown on 
Figure 33 and illustrates the transition of the uppermost parasequences in the Rollins 
Sandstone Member into the coastal-plain.  A coal thickness map of the interval from the top of 
the Rollins Sandstone Member to the top of the sandstone (beneath coastal-plain deposits in 
the landward section) shows the thickening of coal to the west and the northwest-southeast 
orientation of the Rollins shoreline.  This transition has been referred to as a “stratigraphic rise” 
of the Rollins Sandstone Member by various authors (Warner 1964; Hettinger and Kirschbaum 
2002; Patterson et al. 2003) and appears to be a result of a change from progradational to more 
aggradational stacking, as a result of normal regression, in the Rollins Sandstone Member.  
This transition lies in the approximate location of the pinch-out of the middle sandstone and the 
dying out of the Coal Ridge coal zone.  It is unclear how these intervals are related and what 
might be controlling the termination of stratal units above the Rollins Sandstone Member.   
Cameo-Wheeler coal zone 
 The Cameo-Wheeler coal zone consists of numerous thick coal seams that split often 
and are intermingled with isolated channel sandstones.  Gross-interval, net-sandstone, and net-
coal isopach maps in the Cameo-Wheeler coal zone indicate the presence of areas that are 
dominated by peat deposition and those dominated by channel sandstone deposition (Figure 
34).  The thickest area of net sandstone in the Cameo-Wheeler coal zone is 160 ft (49 m), while 
the thickest area of net coal is 100 ft (30 m).  The channel sandstones range in thickness from 
20-160 ft (6-49 m) and probably represent both isolated channels and channels that have 
amalgamated over time.  The coals range from 5-100 ft (1.5-31 m) in thickness, and the thickest 
coals most likely represent the amalgamation of several coal seams.   The peat to coal 
compaction ratio is approximately 11:1 (Ryer 1981), and therefore peat deposits in the Cameo-
Wheeler coal zone could have ranged from 55-1100 ft (17-335 m) in thickness.  Along strike it 
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Figure 33. Rollins transition into landward coastal plain, possibly reflecting a change from a 
progradational to a more aggradational parasequence stacking pattern.  Bottom: Stratigraphic 
cross section (flattened on the Rollins Sandstone Member; wells are equally spaced apart), 
location is shown on map above in blue.  MS = middle sandstone. Well information for the wells 
used in the cross section are listed in Appendix D. Top: net-coal isopach map is calculated 
between ‘Top Rollins’ and ‘Top sandstone’.  Yellow dashed line indicates location of transition.
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appears that channel sandstones are laterally equivalent to coal seams, whereby thick coal 
seams are deposited adjacent to channels in raised mires (Figure 35).   
Amalgamated channels are associated with thicker coal deposits, suggesting that 
channels remained relatively confined for a period of time that allowed for the deposition of large 
amounts of sandstone within the channels and thick peat accumulation adjacent to the 
channels.  Peat accumulation is favored when the influx of sediment is limited, and channels 
remained confined.  This development may also be a consequence of deposition within raised 
mires, which would have easily confined the channels and inhibited channel migration.  
Changes in base level that resulted in increased accommodation probably allowed for channel 
migration and forced mires and channels to “keep up” with the base level rise and 
aggrade/amalgamate.  This increased accommodation was followed by another period of 
stability and channel confinement. Thick, amalgamated deposits require the rate of sediment 
supply to be relatively equal to the rate of relative sea level rise.  The channels migrate back 
and forth with the associated mire deposits to create an organized stacking pattern within the 
Cameo-Wheeler coal zone.  Base level would have needed to be very near the surface for the 
deposition of the large amounts of peat in the Cameo-Wheeler coal zone.   
 Ryer (1981) and Cross (1988) noted that the most extensive and thickest coals are 
restricted to vertically stacked progradational events, which characterize the transgressive and 
regressive maxima.  The thick coal deposits in the Cameo-Wheeler coal zone are interpreted as 
a result of the location of the Cameo-Wheeler coal zone within the regressive maximum of the 
Rollins Sandstone Member shoreline, which occurred before the transgression at the base of 
the middle sandstone.  This shoreline must have remained stable for a significant amount of 
time to allow for such thick coal deposits to develop.  Ambrose and Ayers (2007) noted that 
within periods of relative sea level rise, in the equivalent Pictured Cliffs shorelines in New 
Mexico, the shoreline was temporarily stabilized, allowing for thick, coastal-plain peats to 
86
  
 
 
 
 
 
 
 
 
Figure 35.  Cameo-Wheeler coal zone stratigraphic section along strike (flattened on the Rollins 
Sandstone Member; wells are spaced equally apart), illustrating the lateral relationship of 
channel sandstones and coal seams, whereby thick coal seams are deposited adjacent to 
channel sandstones.  Cross section location is shown in Figure 34.  MS = middle sandstone. 
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accumulate.  Shoreline stabilization associated with aggradation of peat swamps has also been 
noted by McCabe and Shanley (1992) and Roberts and McCabe (1992).  Shoreline stabilization 
during the regressive maximum allows for the deposition of aggradational and amalgamated 
coal seams and channels in the lower Williams Fork Formation. 
Middle sandstone 
The middle sandstone contains four parasequences that are progradational (seaward-
stepping).  The first two parasequences were identified in the core and are thus known to exhibit 
progradation of lower to upper shoreface deposits.  The other parasequences are identified 
based on similar gamma-ray log character. 
The first parasequence (middle sandstone 1) is blocky in gamma-ray character at the 
cored well location, which represents lower to upper shoreface deposition based on 
sedimentary structures and trace fossil assemblages (Figure 15a).  In the core description, 
middle sandstone 1 is entirely composed of sandstone, and lies directly above the last coal 
deposited in the Cameo-Wheeler coal zone.  The nature of this parasequence changes along a 
dip section from the core location.  Middle sandstone 1 varies from completely sandstone at the 
core location to a classic coarsening-upward parasequence on the gamma ray to the east.  To 
the west the blocky sandstone transitions abruptly into mud-dominated strata.  The flooding 
surface at the top of this parasequence is not overlain by marine shale deposited on landward 
coal deposits, but rather overlain by marine shale directly above the shoreface deposits.  There 
is no coal deposited at the top of this parasequence like in other parasequences within the 
middle sandstone.  In the core, brackish-water facies are deposited at the top of this 
parasequence (Figure 19a).  Middle sandstone 1 is unlike any other parasequence in the lower 
Williams Fork Formation, because of its landward relationship with mud-dominated strata and 
absence of coal directly above the shoreline deposits.  Along a strike profile through the thickest 
89
marine sandstone, the marine sandstone deposits in middle sandstone 1 are dominantly 
deposited as very thick sandstone in several areas in R92W, and appear to be absent to very 
thin in between these thick marine sandstone deposits (Figure 36).   
Middle sandstone 1 has a discontinuous geometry, which is illustrated by gross-interval 
and net-sandstone isopach maps in Figure 36. The thickest deposits are arranged in a linear 
relationship aligned north to south across R92W.  The thickness of middle sandstone 1 ranges 
from 100-200 ft (30-61 m).  Where this parasequence is the thickest, it is dominantly sandstone 
with very little to no mudstone.   Landward, the marine sandstone thins from a thickness of 
approximately 150 ft (46 m) in places to zero over 660 ft (201 m) and does not appear to thin 
and transition gradually into the landward equivalent strata.  No core is available, but the 
landward equivalent strata appear to be dominantly composed of mudstone, based on gamma-
ray value cutoffs for sandstone and mudstone.  This landward strata may be associated with 
deposition within a bay or estuarine environment.  The net-sandstone isopach map (Figure 36) 
illustrates the abrupt transition that occurs landward of the thickest sandstone in the middle 
sandstone 1.  The discontinuity and thickness variations of thick sandstone within this 
parasequence seem to be related to the position of underlying sandstone- and coal-dominated 
areas within the Cameo-Wheeler coal zone (Figure 37).  The middle sandstone 1 is thickest 
where the underlying deposits are dominantly coal, whereas the sandstone is thinnest where 
the underlying strata are dominated by sandstone deposits.  Accommodation can be created 
within the coastal plain by the compaction of peat, which has a compaction ratio of 11:1 (Ryer 
1981), whereas channels are not so easily compacted and do not allow much accommodation 
for overlying strata.  This differential compaction of sediments in the Cameo-Wheeler coal zone 
seems to be responsible for the thickness variations in the overlying middle sandstone 1, 
whereby greater accommodation generated by the compaction of coastal-plain sediments 
90
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Figure 37. Thickness variation of the middle sandstone parasequence 1 due to differential 
compaction of the Cameo-Wheeler coal zone. Thick peat accumulations compact at a ratio of 
11:1 (Ryer, 1981) and generate accommodation for overlying, thick, marine sandstone 1 
deposits. Likewise, areas in the Cameo-Wheeler coal zone that are dominated by channel 
sandstone deposition generate much less accommodation when compacted (compaction in 
sandstones is minimal). Cross section location is shown in Figure 36. MS = middle sandstone. 
 
 
 
 
 
 
 
 
 
 
 
 
92
Thickness (ft)
70
0
60
0
50
0
40
0
30
0
20
0
10
0
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
N
S
th
in
ne
r M
S
 1
th
ic
ke
r M
S
 1
th
ic
k 
ch
an
ne
l s
an
ds
to
ne
s
th
ic
k 
co
al
 s
ea
m
s
FormationWilliams Fork Formation
SandstoneCameo-Wheeler
coal zoneMS 1MS 2
M
S
 3MS 4
Member
Rollins
Iles
South Canyon
coal zoneRI
V
E
R
 R
A
N
C
H
 A
4
05
04
51
08
45
00
00
R
O
B
IN
S
O
N
 A
5
05
04
51
39
37
00
00
G
E
N
TR
Y
 B
11
05
04
51
41
87
00
00
G
E
N
TR
Y
 B
10
05
04
51
41
88
00
00
G
E
N
TR
Y
C
10
05
04
51
52
97
00
00
G
U
C
C
IN
I
31
D
-2
0-
69
2
05
04
51
08
11
00
00
G
U
C
C
IN
I
31
C
-2
0-
69
2
05
04
51
40
51
00
00
G
U
C
C
IN
I
31
B
-2
0-
69
2
05
04
51
08
12
00
00
G
U
C
C
IN
I
31
A
-2
0-
69
2
05
04
51
40
53
00
00
A
N
C
H
O
N
D
O
32
D
-2
0-
69
2
05
04
51
06
80
00
00
A
N
C
H
O
N
D
O
32
C
-2
0-
69
2
05
04
51
41
03
00
00
A
N
C
H
O
N
D
O
32
B
-2
0-
69
2
05
04
51
06
81
00
00
H
E
R
R
E
R
A
33
D
-2
0-
69
2
05
04
51
09
65
00
00
H
E
R
R
E
R
A
33
B
-2
0-
69
2
05
04
51
09
63
00
00
S
pe
ci
al
ty
34
C
-2
0-
69
2
05
04
51
57
53
00
00
S
TI
29
-2
C
05
04
51
14
87
00
00
S
hi
de
le
r
29
-1
5
05
04
50
91
62
00
00
S
hi
de
le
r
32
-3
D
2
05
04
50
80
62
00
00
93
allowed for more overlying sediment to be deposited and resulted in thicker middle sandstone 1 
deposits in areas dominated by coal deposition. 
The second parasequence, middle sandstone 2, is a classic coarsening-upward 
parasequence as seen in the core (Figure 15b), which represents an offshore, lower shoreface 
to upper shoreface vertical succession.  Middle sandstone 2 is deposited farther landward than 
the underlying parasequence and is also the most landward parasequence in the middle 
sandstone, representing the transgressive maximum of the middle sandstone.  Middle 
sandstone 1 and middle sandstone 2 comprise a retrogradational, or back-stepping, 
parasequence set.  Middle sandstone 2 is continuous both along strike and along dip profiles 
over the entire study area.  The basal bounding surface lies below marine shale and directly 
above the marine sandstone at the top of middle sandstone 1.  The upper bounding surface lies 
above a coal seam, which is only present in the landward portions of the parasequence.  In a 
seaward direction, the upper bounding surface lies above marine sandstone and below the 
marine shale of the next parasequence. 
Gross-interval and net-sandstone isopach maps of the middle sandstone 2 vary in a 
pattern that reflects the infilling behind middle sandstone 1, thinning across the thickened 
marine sandstone of middle sandstone 1, and thickening on the seaward side of middle 
sandstone 1 (Figure 38).  The parasequence thickness of middle sandstone 2 averages about 
40-150 ft (12-46 m) over the study area. Middle sandstone 2 varies in thickness in association 
with the thickness of underlying middle sandstone 1 (Figure 39).  The thickening of middle 
sandstone 2 behind the middle sandstone 1 shoreline seems to also be related to differential 
compaction. Compaction of sandstones may cause up to 30% reduction in sediment volume, 
while dewatering in mudstones may cause the sediment volume to decrease up to 80% (Coe 
2003).  The deposits behind middle sandstone 1 are dominantly composed of mudstone, which 
compacts to generate more accommodation for overlying sediments.  Similarly, thinning of 
94
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Figure 39. Differential compaction and deposition of middle sandstone parasequence 2 behind 
MS 1 shoreline sandstone. Middle sandstone 2 thickens behind middle sandstone 1 shoreline 
because bay mudstone compacts much more than sandstone and allows for greater 
accommodation of overlying sandstone.  Cross section location is shown on Figure 38. MS = 
middle sandstone. 
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middle sandstone 2 deposits over the thick sandstone deposits of middle sandstone 1 occurs 
because of the minimal compaction that occurs in marine sandstone, thus limiting the 
accommodation available over the shoreline deposits.  A phase diagram (Figure 40) is proposed 
to explain the differential compaction associated with the deposition of middle sandstone 1 and 
middle sandstone 2 during a transgressive phase (within a retrogradational parasequence set).  
First, the Cameo-Wheeler coal zone is deposited as channels with adjacent coastal-plain 
deposits, next the middle sandstone 1 (barrier island with back-barrier bay) steps back and 
“sinks” into coal-dominated coastal plain areas.  This deposition is followed by a transgression 
over the middle sandstone 1 whereby sediments are preferentially preserved in the low-lying 
coastal plains.  Lastly, the overlying middle sandstone 2 progrades across the bay, compacting 
bay sediments (allowing for thicker accumulation of MS 2), thinning over the thick middle 
sandstone 1 and then continuing to progrades into the basin. 
Middle sandstone 3 is a progradational parasequence deposited farther seaward than 
middle sandstone 2, initiating the beginning of a progradational parasequence set.  Middle 
sandstone 3 has a “coarsening-upward” gamma-ray signature with shale at the base.  In the 
most landward positions, this basal shale is missing or cannot be resolved in the well logs.  The 
log signature of middle sandstone 3 is characteristic of a progradational parasequence and 
looks similar to the signature of middle sandstone 2, which was identified in the core as a 
vertical succession of marine shale, lower shoreface, and upper shoreface strata.  The upper 
bounding surface of this parasequence is a flooding surface above a very thick coal seam (up to 
20 ft thick (6.1 m)) that extends seaward where it transitions into a flooding surface that lies 
directly above marine sandstone.  Middle sandstone 3 is generally 50-130 ft (15-40 m) thick and 
is the most continuous parasequence, which extends along strike with no significant change in 
thickness (Figure 41).  Middle sandstone 3 gradually thickens seaward, and is thickest in the 
most seaward position.  There does not appear to be significant differential compaction 
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MS 1
MS 1
MS 1
MS 2
Figure 40.  Phase diagram of the deposition of middle sandstone 1 and middle sandstone 
2 during a transgression with influence of differential compaction. (A) Cameo-Wheeler coal 
zone (channel with adjacent coastal plain), (B) middle sandstone 1 (barrier island with 
back-barrier bay) steps back and “sinks” into coastal plain, (C) transgression occurs above 
middle sandstone 1 and sediments are preferentially preserved in low-lying coastal plains, 
(D) overlying middle sandstone 2 progrades across the bay, compacting bay sediments 
(allowing for thicker accumulation of MS 2); MS 2 thins over thick MS 1 and continues to 
prograde into the basin. MS = middle sandstone.
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associated with the middle sandstone 3 or the next parasequence; this is most likely because 
these parasequences were deposited over the shoreface deposits of the previous 
parasequences, which are less spatially variable than deposits underlying middle sandstone 1 
and middle sandstone 2. 
Middle sandstone 4 is a progradational parasequence that is deposited directly above or 
slightly seaward of middle sandstone 3.  The gamma-ray signature of middle sandstone 4 is 
almost identical to middle sandstone 3 and has a “coarsening-upward” gamma-ray signature.  
The lower bounding surface is a flooding surface with marine shale above it, while the upper 
boundary is represented by a flooding surface above a coal seam both landward and farthest 
seaward within the limits of the study area.  Middle sandstone 4 is approximately 40-120 ft (12-
37 m) thick (Figure 42) and is laterally continuous, resembling the geometry of middle 
sandstone 3.   
Coals at the top of parasequences in the middle sandstone amalgamate landward into 
thicker coal seams that extend into the coastal plain.  The upper intervals of middle sandstone 2 
and middle sandstone 3 merge to form a coal with a thickness up to 30 ft (9.1 m) in the 
landward direction.  Basinward splitting of regionally thick coal seams over progradational 
platforms indicates landward amalgamation of high-frequency sequences and flooding surfaces 
(Banerjee et al. 1996; Flint et al. 1995).  Shoreline stabilization is also associated with the 
development of thick, aggradational peat swamps in the coastal plain (McCabe and Shanley 
1992; Roberts and McCabe 1992; Ambrose and Ayers 2007).  Temporary stabilization of the 
shoreline can explain deposition of thick coals behind nearly aggradational middle sandstone 3 
and middle sandstone 4 parasequences.   
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South Canyon coal zone 
The South Canyon coal zone contains thin coals that are much thinner than coal beds 
within the Cameo-Wheeler coal zone.  Coals within the South Canyon coal zone are very 
laterally continuous and do not split like coals in the Cameo-Wheeler coal zone.  The coals can 
be correlated for several miles.  The South Canyon coal zone thins to the west and merges with 
the Cameo-Wheeler coal zone behind the landward limits of the middle sandstone. 
Upper sandstone 
 The upper sandstone is composed of six parasequences, all of which lie farther seaward 
than parasequences of the middle sandstone (Figure 32).   Parasequences are thinner than the 
middle sandstone parasequences, but this may be a function of the surfaces picked; no 
biostratigraphy is available to constrain the age of individual parasequence formation.  
 The first marine parasequence is a blocky sandstone that is directly equivalent to coal 
deposited within the South Canyon coal zone.  Outcrop studies conducted by Madden (1989) 
indicate the presence of detrital carbonaceous and coaly debris at the base of this 
parasequence.  This parasequence extends farthest seaward into the basin without significant 
changes in log character, although it does appear to thicken seaward (Appendix E).  The basal 
surface is sandstone, which is deposited above coal of the underlying floodplain, while the 
upper bounding surface is a flooding surface located above the marine sandstone.  The upper 
sandstone 1 ranges in thickness from 40-60 ft (12-18 m) (Appendix E). 
Upper sandstone 2 lies farthest landward of all parasequences in the upper sandstone, 
and thus represents the transgressive maximum of the upper sandstone.  The back-stepping of 
the upper sandstone 2 from the location of upper sandstone 1, places both parasequences 
within a retrogradational parasequence set.  This parasequence consists of a blocky log shape, 
dominantly composed of sandstone, that transitions seaward into a coarsening-upward shape 
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with marine shale at the base.    Landward, this parasequence transitions into sandstone 
interbedded with coal beds, which make correlations farther landward extremely difficult.  Upper 
sandstone 2 ranges in thickness from 20-130 ft (6-40 m) (Appendix E). 
The following three parasequences are each deposited subsequently farther seaward, 
within a progradational parasequence set, and are each similar in log character and distribution.  
These parasequence are generally composed of blocky sandstone that transitions landward into 
coastal-plain deposits containing very thin coals of the Coal Ridge coal zone.  Seaward each 
parasequence becomes a coarsening-upward shape with a marine shale to sandstone vertical 
succession.  The thickness of upper sandstone 3 is 20-60 ft (6-18 m) thick, upper sandstone 4 
ranges from 20-60 ft (6-18 m) thick and upper sandstone 5 is typically 20-100 ft (6-30 m) thick 
(Appendix E). 
Coal Ridge coal zone 
The Coal Ridge coal zone contains thin, discontinuous coals that are much less 
abundant and laterally extensive than coal seams in the previous two coal zones.  The Coal 
Ridge coal zone thins from east to west and merges with the South Canyon coal zone behind 
the landward limits of the upper sandstone. 
SHORELINE POSITIONS AND PARASEQUENCE STACKING PATTERNS 
 Using gross-interval, net-sandstone, and net-coal isopach maps, the parasequence 
stacking patterns are delineated by locating the landward pinch out of marine sandstone.  The 
landward pinch-out of marine sandstone is arbitrarily defined as the location where sandstone 
thickness becomes less than 20 ft (6 m).  The locations of the landward pinch-outs of each 
parasequence are shown in Figure 43.  The first and second parasequences in both the middle 
and upper sandstones were deposited successively landward within retrogradational 
parasequence sets.  The second parasequence is the farthest landward (transgressive 
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Figure 43. Locations of landward pinch-outs of marine sandstones (less than 20 ft). Middle 
sandstone (MS) records a retrogradational, progradational, to aggradational parasequence 
stacking pattern. Upper sandstone (US) records a retrogradational to progradational 
parasequence stacking pattern. Red areas indicate the location of gas fields (see Figure 1). 
The location of cross section used in paleogeographic maps is shown by dashed line.
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maximum) in both the middle and upper sandstones.  Each successive parasequence in the 
middle and upper sandstones was deposited farther seaward within progradational 
parasequence sets.  The middle and upper sandstone shorelines each contain a landward-
stepping (retrogradational) and seaward-stepping (progradational) succession separated by a 
maximum transgressive surface.  A regressive maximum occurs between each successive 
marine sandstone (Rollins Sandstone Member, middle sandstone, upper sandstone), but the 
exact position of the maximum regressive surfaces, between each marine sandstone interval, 
are not visible within the limits of the Piceance Basin. 
PALEOGEOGRAPHY 
 Paleogeographic reconstructions were created to show the lateral relationships of 
depositional environments during the deposition of each parasequence and the change in 
environments throughout the lower Williams Fork Formation.  These reconstructions illustrate 
the progradation of the Rollins Sandstone Member and Cameo-Wheeler coal zone, and the 
retrogradational to progradational (aggradational) stacking patterns of the middle and upper 
sandstones and associated coal zones (South Canyon and Coal Ridge, respectively). 
 The paleogeographic maps are constructed from a cross-section drawn from NW to SE 
across the detailed study area (see Figure 43 for cross section location).  One position within 
each parasequence was chosen to represent that time period and the depositional 
environments were inferred from core and stratigraphic correlations and arranged spatially to 
represent the chronostratigraphic relationships present when the parasequence was deposited. 
 The Rollins Sandstone Member of the Iles Formation consists of several progradational 
parasequences within an overall progradational parasequence set.  This is represented as a 
continuous shoreline, deltaic or strandplain, with some bay fill mudstone deposited behind the 
shoreline and subsequently followed by the coastal plain which is dominated by marsh/mire 
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deposition of the Cameo-Wheeler coal zone (Figure 44).  The Cameo-Wheeler coal zone 
contains the landward equivalent strata to the Rollins Sandstone Member parasequences.  The 
large amount of coal present in this interval most likely corresponds to the regressive maximum 
(lowstand aggradation), where coal has been found to accumulate in thick, regionally extensive 
coal seams.   
Next, a transgression occurs at the base of the middle sandstone and is most likely 
represented by a back-stepping shoreline with large back-bays developing (Figure 45).  It is 
evident that large bays existed behind shorelines in the lower Williams Fork Formation because 
of the presence of brackish-water fauna and mudstone behind parasequences in the lower 
middle sandstone.  At the time of middle sandstone 1 deposition (Figure 45), a large back-bay is 
evident by the sharp transition from thick marine sandstone to mudstone in the landward 
direction and by the evidence of brackish-water fauna on the top of this parasequence, as seen 
in core.   
Middle sandstone 2 is deposited further landward and represents the first parasequence 
within the progradational parasequence set of the middle sandstone (Figure 46).  This 
parasequence is a strand-plain with some back-bay deposition seen in the log signatures 
landward of the marine sandstones in this parasequence.  Subsequent parasequences within 
the middle sandstone prograde and step seaward and are followed by the South Canyon coal 
zone (Figures 46 and 47).   
The upper sandstone exhibits a similar stacking and depositional history as the middle 
sandstone.  A transgression occurs at the base of the upper sandstone and may include the 
development of a back-bay (Figure 48).  There isn’t abundant evidence to suggest this, although 
the Galloway 2-3 core shows brackish-water facies that appear to correlate to flooding surfaces 
within the upper sandstone.   The first upper sandstone parasequence is a strandplain with 
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Figure 44. Paleogeographic reconstruction of (A) Rollins Sandstone Member, and (B) Cameo-
Wheeler coal zone. Rollins Sandstone Member is progradational to aggradational and is 
followed landward by the Cameo-Wheeler coal zone as the Rollins Sandstone Member 
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Figure 45. Paleogeographic reconstruction of (A) transgression at top of Cameo-Wheeler coal 
zone, and (B) middle sandstone 1. During transgression, large bays develop behind 
transgressive barrier islands.
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Figure 46. Paleogeographic reconstruction of (A) middle sandstone 2, and (B) middle 
sandstone 3. Bays are quickly filled in as the shorelines prograde seaward.
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Figure 47. Paleogeographic reconstruction of (A) middle sandstone 4, and (B) South Canyon 
coal zone. Progradation of middle sandstone into the basin is followed by coastal-plain deposits 
of the South Canyon coal zone. 
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Figure 48.  Paleogeographic reconstruction of (A) transgression at base of upper sandstone, 
and (B) upper sandstone 1.  A bay develops behind transgressive barrier island, then the upper 
sandstone 1 is deposited as part of a retrogradational parasequence set. 
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coastal-plain coals and channel sandstones deposited landward (Figure 48).  The second upper 
sandstone parasequence is deposited farther landward and records the maximum transgression 
of the upper sandstone (Figure 49).  The subsequent upper sandstone parasequences prograde 
seaward and are equivalent landward to thin, discontinuous coals of the Coal Ridge coal zone 
(Figures 49 and 50). 
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Figure 49. Paleogeographic reconstruction of (A) upper sandstone 2, and (B) upper sandstone 
3, which are part of the upper sandstone progradational parasequence set. 
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Figure 50. Paleogeographic reconstruction of (A) upper sandstone 4, and (B) upper sandstone 
5, which are part of the upper sandstone progradational parasequence set. 
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CHAPTER FOUR 
CONCLUSIONS AND RECOMMENDATIONS 
CONCLUSIONS 
 The stratigraphic architecture of the lower Williams Fork Formation in the southeastern 
Piceance Basin was assessed by defining facies and facies associations in cores and outcrop 
exposures and then developing relationships between these facies and subsurface well-log 
signatures.  Parasequences were identified and correlated in the subsurface to characterize the 
geometries and depositional nature of marine sandstones in the middle and upper sandstones, 
and their relationship with associated coal zones.  The conclusions of this study are the 
following: 
The lower Williams Fork Formation in the southeastern Piceance Basin near Mamm Creek 
Field represents a transition from coastal-plain to marine environments of deposition. Wave-
dominated shoreface parasequences include a coarsening-upward vertical succession of 
offshore, distal to proximal lower shoreface and upper shoreface strata.  Parasequences are 
mappable by the correlation of flooding surfaces that bound marine to non-marine successions 
of strata.   
Shoreface sandstones transition landward into paludal (marsh) environments and farthest 
landward into environments of deposition that are characterized by low net-to-gross coastal-
plain deposits containing isolated channel sandstones and floodplain strata.  This relationship 
appears to correspond to the paleogeographic movement of environments caused by 
movement of the position of the marine shoreline in association with changes in relative sea 
level.  Tidally-influenced deposits and brackish-water fauna exist landward of the marine 
shorelines within coal zones, and indicate a fluctuating fresh water and marine-influence in the 
lower coastal plain and the presence of bays behind transgressive shoreline deposits. 
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Two transgressive-regressive cycles have been identified within the lower Williams Fork 
Formation and are composed of retrogradational and progradational parasequence sets of the 
middle and upper sandstones.   
Differential compaction of underlying sediments generates variation in accommodation, 
which plays a major role in the deposition and preservation of marine sandstones within the 
middle sandstone 1 and middle sandstone 2 parasequences.  Middle sandstone 3 and middle 
sandstone 4 are not influenced by differential compaction effects because these parasequences 
are deposited over relatively homogeneous shoreface deposits. 
RECOMMENDATIONS 
 Recommendations for future work include: 
Correlation farther landward into the coastal-plain and alluvial-plain can explain how the 
transgressive-regressive cycles in the lower Williams Fork Formation are expressed in the non-
marine setting.   More study of the shallow-marine to coastal-plain transition zone is needed, 
because this transition is very complicated and may contain a vast array of depositional 
environments over short distances.   
Correlation landward in the subsurface and into the better exposed outcrops on the western 
margin of the basin would complete the stratigraphic history of the lower Williams Fork 
Formation.  Also, more ammonite age dating would help define the scale of parasequence and 
parasequence set stacking and constrain the timing of deposition. 
Correlation to more outcrop exposures is necessary to fully classify the subtle changes in 
depositional environments that occur in the lower Williams Fork.  Sediments seaward are poorly 
exposed to eroded, although a detailed measured section at Coal Basin would be helpful.   
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Subsurface work should include the integration of formation image logs, which should be 
compared to core to determine whether formation image logs may be useful in aiding in the 
interpretation of sedimentary structures and/or paleocurrents.  
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Figure 18c. Jewell 22-9C core; South Canyon coal zone core description compared to 
well log facies. This succession represents deposition on the coastal plain and within 
fluvial channels. Fluvial channels have a low gamma ray API, although intervals with 
high gamma ray API reflect the presence of mud drapes. FS=flooding surface.
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Figure 19. Jewell 22-9C core, South Canyon coal zone core description compared to 
well-log facies.
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Appendix B 
Rifle Gap Measured Section 
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B. Measured section at Rifle Gap, with outcrop gamma ray for comparison to
subsurface well logs.  Location of section is shown in Figure 3. Scale on right is
in feet.
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Appendix C 
Other Published Measured Sections 
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C.2 (A) Cross section of outcrop measured sections from Madden (1989).  (B) Map of 
locations of measured sections. (from Madden 1989).
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Appendix D 
Well details from cross sections 
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D.1 Regional W_E_A 
1. RWF 513-10 (05045110550000) 
2. RWF 12-12 (05045119420000) 
3. North Bank E 5 (05045146030000) 
4. North Bank C 4 (05045109060000) 
5. Snyder C 1 05045109010000) 
6. Island Park B 3 (05045108500000) 
7. River Ranch A 4 (05045108450000) 
8. River Ranch B 2 (05045108510000) 
9. Hangs B 3 (05045121900000) 
10. Hangs A 4 (05045123390000) 
11. Valley Farms D 13 (05045141090000) 
12. Jolley 1-8 (05045063550000) 
13. New Castle Federal 1 (05045064610000) 
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D.2 Regional W_E_B 
1. RWF 514-27 (05045155160000) 
2. GMR 33-1D (05045101700000) 
3. Benzel 35-9B (05045090360000) 
4. Benzel 36-11A (05045100570000) 
5. BJM 41-13A (05045091160000) 
6. Couey 31-8 (05045078410000) 
7. Shideler 32-3D2 (05045080620000) 
8. Shideler 33-4C2 (05045081270000) 
9. Moore 33-8A (05045102640000) 
10. Stone 32D-34-692 (05045108170000) 
11. Scott 22D-36-692 (05045114340000) 
12. GGU-Miller 23D-32-692 (05045104200000) 
13. Baldy Creek Federal 31-3 (05045109540000) 
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D.3 Regional N_S_C 
1. Valley Farms D 10 (05045132980000) 
2. Stranahan 41A-27-692 (05045112410000) 
3. Galloway 2-3 (05045090080000) 
4. Hells Gulch Federal 26-6 (05077088950000) 
5. Hells Gulch Federal 23-12 (05077088900000) 
6. Allen 12-91 (12-24) (05029060910000) 
7. Hotchkiss 1291 (13-24) (05029061030000) 
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D.4 Regional N_S_D 
1. Trisch/Lashley 32-4 (05045107360000) 
2. Baldy Creek Federal 2-20 (05045062630000) 
3. Federal 21-7 (05051060440000) 
4. McIntyre 11-90-14 #1 (05051060620000) 
5. Hotchkiss Ranch 3-11 (05051060030000) 
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D.5 Colored cross section 
1. GMR 27-6D (05045098400000) 
2. Benzel 25-5 (05045090940000) 
3. Brynildson 30-6 (B30NE) (05045100250000) 
4. Brynildson 29-3 (05045133340000) 
5. STI 29-2C (05045114870000) 
6. Specialty 12C-28-692 (05045126420000) 
7. Specialty 31A-28-692 (05045118420000) 
8. Specialty 41A-28-692 (05045118410000) 
9. Stranahan 21B-27-692 (05045109600000) 
10. Stranahan 31A-27-692 (05045112400000) 
11. McLaughlin 42C-27-692 (05045118850000) 
12. Schirer 13D-26-692 (05045149170000) 
13. Frick 11-26 (05045063950000) 
14. Geiske 32B-26-692 (05045143300000) 
15. Geiske 43D-26-692 (05045170080000) 
16. Nesbitt 13C-25-692 (05045134160000) 
17. Scott 24D-25-692 (05045103930000) 
18. Scott 34D-25-692 (05045146520000) 
19. Scott 43B-25-692 (05045105580000) 
20. Gibson Gulch Unit 12-30D (05045095400000) 
21. GG VanOrdstrand 33B-30-691 (05045150740000) 
22. GG VanOrdstrand 23B-30-691 (05045150710000) 
23. GGU-VanOrdstrand 43C-30-691 (05045103470000) 
24. GGU-Swanson 23C-29-691 (05045131860000) 
25. GGU Jolley Fed 21A-28-691 (05045177500000) 
26. Kokopelli 513-25 (05045184500000) 
27. Baldy Creek Federal 31-3 (05045109540000) 
28. Laramie Distal (05045103790000) 
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D.6 Rollins Stratigraphic Rise 
1. RWF 332-19 (05045126480000) 
2. Clough RWF 332-21 (05045097780000) 
3. RWF 531-25 (05045148270000) 
4. Overcracker Fed 20-14D (05045131570000) 
5. GWR 27-2B1 (05045079410000) 
6. GMU 23-10C (05045104970000) 
7. GMU 24-15B1 (05045081060000) 
8. ALP 19-15 (05045100030000) 
9. Brynildson 24B-20-692 (05045171450000) 
10. Specialty 44D-20-692 (05045157550000) 
11. Specialty 34C-21-692 (05045148190000) 
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D.7 Differential Compaction of Cameo-Wheeler coal zone 
1. River Ranch A 4 (05045108450000) 
2. Robinson A 5 (05045139370000) 
3. Gentry B 11 (05045141870000) 
4. Gentry B 10 (05045141880000) 
5. Gentry C 10 (05045152970000) 
6. Guccini 31D-20-692 (05045108110000) 
7. Guccini 31C-20-692 (05045140510000) 
8. Guccini 31B-20-692 (05045108120000) 
9. Guccini 31A-20-692 (05045140530000) 
10. Anchondo 32D-20-692 (05045106800000) 
11. Anchondo 32C-20-692 (05045141030000) 
12. Anchondo 32B-20-692 (05045106810000) 
13. Herrera 33D-20-692 (05045109650000) 
14. Herrera 33B-20-692 (05045109630000) 
15. Specialty 34C-20-692 (05045157530000) 
16. STI 29-2C (05045114870000) 
17. Shideler 29-15 (05045091620000) 
18. Shideler 32-3D2 (05045080620000) 
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D.8 Differential Compaction of middle sandstone 1 
1. GMU 26-14B (05045133740000) 
2. Benzel 26-9C (05045095240000) 
3. Benzel 25-14 (05045091360000) 
4. ALP 25-15A (05045080440000) 
5. ALP 25-16 (05045091800000) 
6. Couey 30-15 (05045080770000) 
7. Couey 29-13 (05045081490000) 
8. Shideler 29-15 (05045091620000) 
9. Shideler Federal 44B-29-692 (05045123590000) 
10. Specialty Federal 14D-28-692 (05045110610000) 
11. Specialty Federal 24C-28-692 (05045111090000) 
12. Jackson 34D-28-692 (05045112230000) 
13. Jackson 44D-28-692 (05045110320000) 
14. Ferguson 34B-27-692 (05045105210000) 
15. Ferguson 44D-27-692 (05045105220000) 
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Appendix E 
Upper sandstone isopach maps 
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F.  Gross interval isopach maps of parasequences in the upper sandstone within the lower 
Williams Fork Formation. (A) Gross interval isopach map for upper sandstone 1, (B) Gross 
interval isopach map for upper sandstone 2, (C) Gross interval isopach map for upper 
sandstone 3, (D) Gross interval isopach map for upper sandstone 4, (E) Gross interval 
isopach map for upper sandstone 5. 
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F.  Net sandstone isopach maps of parasequences in the upper sandstone within the lower 
Williams Fork Formation. (A) Net sandstone isopach map for upper sandstone 1, (B) Net 
sandstone isopach map for upper sandstone 2, (C) Net sandstone isopach map for upper 
sandstone 3, (D) Net sandstone isopach map for upper sandstone 4, (E) Net sandstone 
isopach map for upper sandstone 5. 
100 ft
95 ft
90 ft
85 ft
80 ft
75 ft
70 ft
65 ft
60 ft
55 ft
50 ft
45 ft
40 ft
35 ft
30 ft
25 ft
20 ft
15 ft
10 ft
5 ft
0 ft
T7S
R93W R91WR92W
T6S
0                    3.2
0                     2 miles
N  kilometers
Rifle
T7S
R93W R91WR92W
T6S
N
Rifle
T7S
R93W R91WR92W
T6S
N
Rifle
T7S
R93W R91WR92W
T6S
N
Rifle
T7S
R93W R91WR92W
T6S
N
Rifle
0                    3.2
0                     2 miles
 kilometers
0                    3.2
0                     2 miles
 kilometers
0                    3.2
0                     2 miles
 kilometers
0                    3.2
0                     2 miles
 kilometers
A
C
E
B
D
163
